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I.  INTRODUCTION 


In  1974,  the  McDonnel  Aircraft  Corporation  delivered  to  the  U.S.  Air 
Force  a  digital  computer  program  IEMCAP  (Intrasystem  ElectroMagnetic  Compati¬ 
bility  Analysis  Program)  [1],  This  code  was  designed  for  and  intended  to  be 
used  to  model  all  electronic  systems  in  the  U.S.  Air  Force  inventory  for  the 
purpose  of  assisting  in  the  analysis  and  prediction  of  electromagnetic  inter¬ 
ference  in  those  systems.  The  types  of  systems  which  were  intended  to  be  mod¬ 
eled  by  this  code  range  from  ground  systems  to  aircraft  as  well  as  space-mis- 
sle  systems. 

There  are  essentially  three  major  categories  of  models  used  in  the  analy¬ 
sis/prediction  process  employed  by  this  code  -  emitters,  coupling  paths,  and 
receptors.  The  process  is  illustrated  in  Fig.  1-1.  Presently  the  code  per¬ 
forms  all  analyses  in  the  frequency  domain.  The  emission  spectrum,  E(f),  of  an 
emitter  (intended  or  unintended)  is  determined  from  its  time-domain  character¬ 
istics  via  Fourier  techniques.  Similarly,  the  frequency-domain  transfer  func¬ 
tion  of  the  coupling  path,  T(f),  is  determined  from  the  physical  properties  of 
the  transmission  medium.  The  spectrum  of  the  signal  received  at  the  receptor 
is  obtained  as 

R(f )  -  E(f)  •  T(f )  (1-1) 

It  should  be  pointed  out  that  some  portion (s)  of  the  received  spectrum  may  be 
a  desired  signal  (e.g.,  a  carrier  frequency)  whereas  the  remaining  portion  of 
the  spectrum  will  be  an  undesired  signal  (e.g.,  harmonics).  The  received  spec¬ 
trum  is  compared  to  some  susceptibility  spectrum  of  the  receptor,  S(f),andifit 
exceeds,  by  some  measure,  that  spectrum,  interference  is  said  to  exist.  Of 
course, this  occurrence  of  interference  is  not,  in  reality,  a  binary  decision; 
there  are  degrees  of  measure  of  the  "severity"  of  this  interference.  Also 


signals  of  other  emitters  may  impinge  upon  this  receptor.  The  effects  of 
these  combined  spectra  affect  the  receptor  in  a  manner  depending  on  how  the 
receptor  processes  signals,  e.g.,  analog  or  digital. 

IEMCAP  performs  the  analysis  and  prediction  of  interference  in  the  above 
manner  via  frequency-domain  methods.  It  is  appropriate  to  note  that  these 
calculations  could,  theoretically,  be  performed  in  the  time  domain.  A  pos¬ 
sible  method  would  be  to  compute  the  time-domain  received  signal  R(t)  as 

R(t)  =  E(t)  *  T(t)  (1-2) 

where  *  denotes  convolution.  Alternatively,  one  could  obtain  R(t)  from  R(f) 
using  the  inverse  Fourier  Transform.  Both  of  these  methods  require  that  the 
coupling  path  be  linear  since  they  inherently  rely  on  superposition.  One 
(perhaps  major)  difficulty  with  this  time-domain  approach  is  that  to  obtain 
even  the  maximum  value  of  R(t)  one  must  preserve  the  phase  of  E(f)  and  T(f), 
whereas  to  compute  the  maximum  value  of  | R(f ) |  one  does  not  need  to  preserve 
phase  information. 

These  concepts  were  outlined  previously  [2]  and  are  included  here  for 
the  purpose  of  clarifying  the  rationale  and  impact  of  suggested  revisions  of 
the  code.  In  this  report  we  will  focus  only  on  characterizing  the  coupling 
path,  T(f).  We  will  concentrate  on  the  frequency-domain  characterization. 

The  coupling  paths  assumed  in  IEMCAP  fall  into  six  distinct  categories: 

(1)  wire-to-wire 

(2)  f ield-to-wire 

(3)  antenna-to-wire 

(4)  f ield-to-antenna 

(5)  antenna-to-antenna 

(6)  case-to-case 
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In  this  report  we  will  concentrate  only  on  (1)  and  (2),  namely,  wire-to-wire 
coupling  contained  in  the  WTWTFR  subroutine  and  f ield-to-wire  coupling  contain¬ 
ed  in  the  FTWTFR  subroutine.  The  report  will  be  divided  into  three  major 
areas:  (1)  revision  of  Che  WTWTFR  subroutine,  (2)  revision  of  the  FTWTFR  sub¬ 

routine  and  (3)  the  effect  of  system  perturbations  not  presently  included  in 
the  coupling  path  models.  We  will  suggest  revision  of  the  above  two  subrou¬ 
tines  for  the  purposes  of  (1)  improving  their  prediction  and  modeling  capabi¬ 
lities,  (2)  correcting  deficiencies  and  errors  presently  in  those  subroutines, 
(3)  providing  a  more  modular  structure  for  these  subroutines,  (4)  providing  a 
more  sound  theoretical  basis  for  the  models  and  (5)  streamlining  those  sub¬ 
routines  to  reduce  code  execution  time. 

Chapter  2  considers  the  WTWTFR  subroutine.  Exact  models  for  predicting 
wire-to-wire  coupling  in  transmission  lines  are  reviewed  to  illustrate  the 
reasons  supporting  the  recommended  revisions.  Chapter  3  considers  the  FTWTFR 
subroutine.  Exact  models  for  predicting  f ield-to-wire  coupling  in  transmis¬ 
sion  lines  are  also  considered  here  for  the  important  purpose  of  justifying 
and  supporting  the  recommended  revisions. 

A  consideration  of  the  effects  of  typical  system  perturbations  which 
cause  the  system  to  deviate  from  the  ideal  physical  model  assumed  by  the  above 
subroutine  mathematical  models  will  be  given  in  Chapter  4.  First,  the  effects 
of  selected  perturbations  (ribs,  cable  clamps,  hydraulic  lines,  bulkheads, 
junction  boxes,  cable  trays,  etc.)  will  be  considered  to  ascertain  whether 
these  parameters  in  fact  affect  the  coupling;  that  is,  if  the  system  perturba¬ 
tions  were  not  present  on  a  system  would  the  coupling  be  altered  significantly 
for  practical  system  configurations,  dimensions  and  frequencies  of  interest? 
Exact  methods  of  characterizing  these  line  perturbations  and  their  incorporation 
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into  conventional  transmission  line  models  will  be  reviewed. 

Next,  the  effects  of  including  models  of  these  perturbations  in  the 
suggested  WTWTFR  and  FTWTFR  models  will  be  examined.  This  latter  consideration 
is  very  important.  Even  though  a  system  perturbation  affects  the  coupling  in 
a  physical  system,  inclusion  of  models  for  this  perturbation  into  IEMCAP  may 
not  significantly  affect  the  prediction  accuracy  of  the  wire-to-wire  and  field- 
to-wire  coupling  models.  The  proposed  (and  presently  included)  coupling  models 
are  simple  models  representing  only  first-order  effects.  The  IEMCAP  is  a  large 
code  intended  to  handle  large  systems.  Fine-grained,  precide  modeling  of 
the  coupling  mechanisms  would  require  complex,  mathematical  models  which  could 
cause  the  code  execution  times  to  be  prohibitive.  Consequently  these  simple 
prediction  models  may  not  predict  certain  second  order  effects  such  as  high- 
frequency  resonances.  Certain  perturbations  such  as  periodically-spaced  cable 
clamps  can  cause  high  frequency  resonances  in  the  coupling  which  would  not 
appear  if  the  clamps  were  removed.  If  the  wire-to-wire  models  are  not  capable 
of  predicting  these  resonances  when  models  of  the  cable  clamps  are  included, 
there  is  no  need  to  include  models  of  the  cable  clamps. 

The  results  presented  in  Chapters  2  and  3  concerning  the  wire-to-wire 
and  f ield-to-wire  coupling  models  represent  a  distillation  of  some  10  years  of 
research  into  these  problems  by  the  author,.  Over  that  period  of  time  it  has 
become  clear  that  these  two  very  common  (and  very  important)  coupling  mechan¬ 
isms  are  much  more  complex  than  they  may  appear.  Characterizing  the  lines  with 
mathematical  models  is  not  the  problem;  these  models  are  rather  straightfor¬ 
ward  to  develop  (one  exception  is  the  twisted  pair).  Gaining  a  qualitative 
understanding  of  the  behavior  of  a  particular  configuration  without  compu^'ng 


the  response  at  an  enormous  number  of  frequencies  is  very  difficult.  In  some 
cases,  traditional  intuition  as  outlined  in  numerous  handbooks  proves  to  be 
valid;  in  other  cases,  this  intuition  proves  to  be  drastically  in  error.  (Some 
examples  of  this  will  be  given  in  the  course  of  the  development.)  The  values 
and  configurations  of  the  line's  terminations  can  drastically  affect  the  be¬ 
havior  of  the  coupling.  Thus  one  cannot  make  many  general  statements  about  a 
line's  behavior  unless  the  terminal  configuration  is  precisely  described. 

Another  and  more  difficult  problem  is  devising  simple  mathematical  models 
for  a  complex  problem.  The  code  presently  considers  frequencies  from  30  Hz  to 
18  GHz.  It  is  unrealistic  to  expect  to  be  able  to  provide  accurate  predictive 
models  over  this  range  which  are  also  simple. 

In  the  course  of  suggesting  models  for  this  coupling  for  inclusion  in 
IF.MCAP  we  will  make  some  rather  general  conclusions  regardless  of  the  line 
terminations  knowing  full  well  that  they  will  not  be  correct  for  all  situations 
which  the  code  may  be  called  on  to  model.  We  do  so  because  the  only  other 
course  would  be  to  implement  "exact"  models  of  the  coupling  which  include  all 
effects  no  matter  how  remote  the  possibility  of  their  being  encountered.  Such 
a  course  of  action  would  no  doubt  cause  the  size  and  execution  times  for  even 
small  systems  to  be  exhorbitant. 

Another  important  area  of  tradeoffs  in  selecting  the  models  is  that  of 
electrical  size  of  the  system.  We  know  that  for  frequencies  of  excitation 
where  the  system  dimensions,  e.g.,  transmission  line  length,  are  much  less  than 
a  wavelength  or  electrically  small,  distributed  effects  are  not  generally  sig¬ 
nificant  and  lumped  models  of  the  line  suffice  for  accurate  predictions. 

For  higher  frequencies  the  problem  (and  associated  models)  become  considerably 
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more  complex.  We  will  take  the  attitude  that  it  is  important  to  primarily 
model  the  coupling  from  low  frequencies  (30  Hz)  up  to  some  frequency  where 
the  line  dimensions  become  electrically  large.  Then  we  will  attempt  to  bound 
this  inherently  complex,  high-frequency  behavior. 


II.  REVISION  OF  THE  WIRE-TO-WIRE  COUPLING  SUBROUTINE  (WTWTFR) 


The  wire-to-wire  coupling  subroutine  in  IEMCAP  (WTWTFR)  is  intended  to 
model  the  electromagnetic  coupling  between  wires  in  cable  harnesses.  The  types 
of  interconnect  wires  include  (1)  unshielded  wires  above  ground,  (2)  shielded 
wires  above  ground,  (3)  twisted  pairs  above  ground,  and  (4)  shielded,  twisted 
pairs  above  ground.  In  all  cases  the  cable  is  assumed  to  be  parallel  to  some 
ground  plane  which  is  the  reference  conductor  for  all  wire  voltages.  This 
ground  plane  may  be  representative  of  an  aircraft  fuselage,  missle  frame  or 
metallic  walls  of  cabinets.  Cable  harnesses  are  most  likely  routed  in  close 
proximity  to  such  metallic  planes  and  their  effect  should  be  accounted  for. 

The  modeling  of  transmission  lines  for  the  purposes  of  predicting  elec¬ 
tromagnetic  coupling  within  those  lines  (crosstalk)  can  be  a  formidable  prob¬ 
lem  [3].  "Exact"  techniques  for  modeling  transmission  lines  for  the  purposes 
of  predicting  crosstalk  have  existed  for  some  time  [3).  We  use  the  term 
exact  in  the  following  sense.  If  the  dimensions  of  the  line  (line  length  and 
cross-sectional  dimensions  such  as  conductor  spacings)  are  electrically  small 
at  the  frequency  of  excitation,  then  lumped  models  characterize  the  line  with 
sufficient  accuracy  to  predict  experimental  results  [3],  As  the  frequency  of 
excitation  is  increased  to  a  point  where  the  line  length  is  no  longer  electric¬ 
ally  small  but  the  cross-sectional  dimensions  remain  electrically  small  then 
the  distributed  parameter,  transmission  line  models  characterize  the  line  with 
sufficient  accuracy  to  predict  experimental  results  [2],  If  the  frequency 
of  excitation  is  increased  further  to  the  point  where  both  the  line  length  and 
the  cross-sectional  dimensions  of  the  line  are  no  longer  electrically  small 
neither  the  lumped  models  nor  the  transmission  line  model  have  sufficient 
accuracy  to  predict  experimental  results  [4].  Thus  the  use  of  the  term  "exact" 


is  with  regard  to  the  prediction  ability  of  the  model  for  the  frequency  range 
of  interest  and  not  its  inclusion  of  all  effects  no  matter  how  insignificant. 

A  general  review  of  modeling  of  transmission  lines  is  given  in  [5], 

As  one  increases  the  frequency  of  excitation,  the  required  "exact"  pre¬ 
diction  model  not  only  changes  in  philosophy  but  also  complexity.  Certain 
simple  lumped  models  which  we  will  consider  are  suitable  for  hand  calculation 
and  yield  considerable  insight  into  the  general  behavior  of  the  line  which  the 
distributed  parameter,  transmission  line  models  do  not.  Where  possible  we 
will  attempt  to  extend  those  simple,  low-frequency  models  to  higher  frequencies 
where,  although  they  do  not  apply,  they  are  intended  to  either  bound  the  exact 
results  or  indicate  mean  values  of  those  results. 

2^. _1  Untwisted,  Unshielded  Wires 

The  simplest  configuration  for  which  crosstalk  can  occur  is  the  uniform, 
lossless  three-conductor  line  Immersed  in  a  homogeneous  medium  shown  in  Fig. 

2-1  [6],  The  line  consists  of  a  generator  (or  emitter)  conductor  (wire)  and 
a  receptor  conductor  (wire)  along  with  a  reference  conductor.  The  line  is 
said  to  be  uniform  if  the  cross-sectional  dimensions  of  the  conductors  and  the 
properties  of  the  surrounding  medium  do  not  change  along  with  line  axis  (the  x 
axis).  The  line  is  said  to  be  lossless  if  the  conductors  are  perfect  conduc¬ 
tors  and  the  surrounding  medium  is  lossless.  The  surrounding  medium  is  said 
to  be  homogeneous  if  its  constitutive  parameters  are  independent  of  the  cross- 
sectional  coordinates.  Suffice  it  to  say  that  if  we  relax  any  of  these  re¬ 
quirements,  the  analysis  of  the  line  for  its  crosstalk  properties  becomes  a 
formidable  task.  Only  numerical  solutions  of  the  resulting  transmission  line 
equations  have  been  obtained  for  lines  in  which  any  of  the  above  properties  are 
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relaxed.  Some  examples  of  line  configurations  represented  by  this  class  of 
line  are  shown  in  Fig.  2-2. 

For  this  special  class  of  line,  however,  one  may  solve  the  transmission 
line  equations  and  incorporate  the  terminal  constraints  to  yield  literal  (as 
opposed  to  numerical)  solutions  for  the  terminal  currents  induced  in  the  re¬ 
ceptor  wire  [6],  It  is  important  to  note  that  this  is  the  simplest  possible 
case  of  transmission  lines  which  admits  crosstalk.  (Crosstalk  is  not  meaning¬ 
ful  for  two-conductor  lines.)  Yet  it  is  the  only  case  for  which  closed  form, 
literal  solutions  of  the  transmission  line  equations  for  the  induced  currents 
have  been  obtained.  If  we  relax  any  of  the  above  restrictions,  add  additional 
conductors  (such  as  shields),  twist  the  wires,  etc.,  then  the  solution  of  the 
resulting  "exact"  transmission  line  equations  with  the  terminal  conditions 
incorporated  have  not  been  obtained  in  literal  form.  Only  numerical  solutions 
are  available.  Lumped  circuit  approximations  of  the  transmission  lines  have 
been  used  in  the  past  to  avoid  solution  of  the  transmission  line  equations 
[3,  7],  However,  these  lumped  circuit  models  are  only  valid  for  frequencies 
such  that  the  line  length  is  electrically  small. 

We  now  investigate  this  literal  solution  of  the  "exact"  transmission  line 
model  of  the  above  three-conductor  line  to  (1)  obtain  some  general  conclu¬ 
sions  as  to  the  qualitative  behavior  of  the  crosstalk  and  (2)  to  illustrate 
the  complexity  of  the  problem. 

The  three-conductor  line  shown  in  Fig.  2-1  can  be  modeled  as  shown  in 
Fig.  2-3.  An  electrically  small,  Ax  section  of  the  line  is  modeled  with  the 
per-unit-length  line  parameters  of  self  inductance,  1  and  1  ,  mutual  indue- 
tance,  1  ,  self  capacitance,  cr  and  c  ,  and  mutual  capacitance,  c  .  The 


Fig.  2-2.  Typical  cross-sectional  geometries. 


transmission  line  equations  are  derived  from  this  circuit  in  the  limit  as 


Ax  -*  0  and  become,  in  phasor  form, 
dV  (x) 

— to - jUlG  IC<x)  -  J"1®  IR(X) 


dV„(x) 

~ST  ‘  'Jul«  Ic<x>  -  JulR  IR(X) 

(2-1) 

dl„(x) 

-  -Mcc  +  cm)  VG(x)  +  VR(x) 


dIR(x) 

— —  ’  J“°»  Vx)  -  3“(cR  +  Cn>  VR(lt> 

where  =  2tt f  and  f  is  the  frequency  of  excitation  of  the  line.  The  terminal 
constraints  are 


VG<°>  *  Vs  -  Z0G  IG(0) 

V*>  ’  Z*G  XG(i) 

V°>  '  -Z0R  V°> 

VR<^-)  =  ZatR  IR<^ 


(2-2) 


The  transmission  line  equations  in  (2-1)  are  solved  and  the  terminal  con¬ 


straints  in  (2-2)  are  incorporated  to  yield  equations  for  the  induced  voltages 


at  the  ends  of  the  receptor  wire: 


=  T-  /  -x  ^  (jui#  I, 


2  2  2 
Den  =  C  -  S  <*>  x 


f .  _  2  (1  ~  aOGaXR)  (1  ~  I 

RG[  ^  +  (1  +  “OGVG^J 


(2-3c) 


+  ju)CS  (tr  +  Tg) 


The  various  quantities  in  (2-3)  are  defined  as  follows.  The  terms  C  and 


S  are 

C  =  cos  (&0 

=  cos  (2tt  y) 
A 

_  sin  (BO 

esd 

sin  (2tt 
=  "  (2tr^/X) 


(2-4a) 


(2-4b) 


where  X  is  a  wavelength  at  the  frequency  of  excitation  and  is  defined  as 
X  =  v/f  where  v  is  the  velocity  of  wave  propagation.  If  the  surrounding, 
homogeneous  medium  is  described  by  permittivity  e  and  permeability  y,  then 
v  =  1/AIF.  The  characteristic  impedance  of  the  generator  (receptor)  circuit  is 

ZCC  fZCR}  “here 

ZCG  "  V1G  0-5a) 

ZCR  ‘  vlR  <2-5b) 


and  the  coupling  coefficient  between  the  two  circuits  is 


k  = 


1 

m 


Vr 


0<k<l 


(2-6) 


The  ratios  of  the  terminating  impedances  to  the  appropriate  characteristic  im- 


pedance  are 


OG 


OR 


Z0G 

Vg 

_  Vg 

z„„ 

z„„ 

CG 

CG 

Z0R 

Vr 

ZCR 

ZCR 

and  the  time  constants  of  the  circuits  are 


1Ge^ 


TG  Z„_  +  Z 


Z0G^G 


"OG  && 


+  (CG  +  Cm)51  Z_  +  Z 


OG  jCP 


tr  z„_  +  z, 


ZQrVr 


+  (CG  +  cmrf  Z —  +  Z 


oc  '  “<*:  “  “or  '  a te 

Th**  DC  values  of  the  generator  line  voltage  and  current  are 


(2-7) 


(2-8a) 


(2-8b) 


A.G 


GDC  Z0G  +  Vg  S 


GDC  zog  +  Vg 


(2-9a) 


(2-9b) 


Although  the  solutions  in  (2-3)  are  still  quite  involved,  one  can  obtain 
considerable  insight  into  the  line  behavior.  An  important  example  is  the 
"low-frequency"  behavior.  Suppose  the  frequency  of  excitation  is  such  that 
the  line  is  electrically  short  (^  <<  X).  Then  C  *  1  and  S  =  1.  In  the  limit 
as  the  frequency  is  reduced,  (2-3)  become 


I 


GDC 


V 

GDC 


16 


(2-10a) 


These  results  can  be  obtained  from  the  "low-frequency"  equivalent  circuit 
shown  in  Fig.  2-4.  Note  that  (2-10)  are  the  sum  of  two  terms.  One  term  de¬ 
pends  on  the  mutual  inductance  between  the  two  circuits,  1  and  the  other 

m 

depends  on  the  mutual  capacitance  between  the  two  circuits,  c  JL.  These  terms 

m 

are  referred  to  as  inductive  coupling  and  capacitive  coupling  contributions 
to  the  terminal  voltages  for  obvious  reasons.  It  can  be  shown  that  for  "high 
impedance"  loads,  Z^,  Z^,  >>  Z ^  and  ZqR,  >>  ZCR,  that  capacitive  coupling 
dominates  inductive  coupling  and  vice-versa.  This  provides  justification  for 
an  intuitive  concept  which  has  been  used  for  many  years  without  being  formal¬ 
ly  justified.  Clearly  there  is  a  frequency  at  which  high  order  effects  come 
into  play  and  invalidate  this  simple  "low-frequency"  model.  The  precise 
frequency  at  which  this  occurs  cannot  be  stated  as  an  absolute  quantity  and 
depends  very  strongly  on  the  values  of  the  terminal  impedances  [7], 

The  behavior  of  the  crosstalk  for  a  "sufficiently  small  frequency"  is 
clear  from  this  low-frequency  model  -  it  increases  linearly  with  frequency 
or  20  dB/decade.  It  would  be  advantageous  to  sketch  the  frequency  response 
for  higher  frequencies  without  the  need  for  computing  the  response  at  a 
large  number  of  frequencies.  This  ability  was  provided  in  [8]. 

We  will  be  interested  in  the  voltage  transfer  ratios: 


V"  vc 


(2-llb) 


The  literal  solution  of  the  transmission  line  equations  for  this  structure 
with  the  terminal  conditions  incorporated  given  in  (2-3)  can  be  placed  in  the 
following  form: 

j  f)  [cos(2tt  f)  +  jT  -1^(271  f) } 

T0  =  - SL - A - A - — — ^ -  Mq  (2-12a) 

cos2  (2tt  T>  +  iA  ~(2tt  ^)cos(2tt  -  B  -ln-^(2^  •£) 


cos  (2tt  “)  +  jA  ^)cos(2tt  *■)  -  B  - j) 

(2tt) 

Six  parameters  in  these  equations.  A,  B,  T,  M^,  Mg  and  X,  are  defined  as 
follows  and  are  obtained  by  manipulating  the  results  in  [6], 

In  terms  of  the  above  basic  parameters  we  may  now  obtain  the  parameters 


in  (2-12)  by  manipulating  the  above  solution  to  yield 

A  *  tg  +  tr 


B  -  TgTr(1-¥) 


2.  f  +  VR  1 

?  L1  +  VcVr  J 


Mo  ■  2' 


1  -  k2  *ZCGZCR 


«  -2jt 


1  -  k2  2ZCGZCR 


r  a  +  vrvg’  i 

L(aOG  +  iG)  <a0R  +  Wj 

r  a  ~  a0RajCG)  ~| 

L(a0G  +  Vg)  <a0R  +  WJ 


(2-13a) 

(2-13b) 


(2-13c) 


(2-13d) 


(2-13e) 


where  the  normalized  time  constants  are 


tg  ■  2"  ft> 


2.  fiLHocWl 
L  <0,og  +  ^g>  J 


(2-14.0 


TR  2*  S> 


1  -  k 


f  (1  +  a0R<kR)  1 

L  (aOR  +  CVr)  J 


(2-14b) 


^  =  k' 


2  (1  "  0tOGaej!R)  (1  "  aiCG0‘OR) 


(1  +  “og'Vr-1  ^  +  aOR°k.R^ 


(2-15) 


For  the  following  results  to  be  valid,  we  assume  that  the  load  impedances, 
Z0G’  Zj£G’  Z0R  and  Z/R’  are  Purely  resistive,  i.e.,  real. 

From  the  solutions  given  in  (2-12)  it  is  clear  that  the  frequency  re¬ 
sponse  is  a  function  of  frequency  only  in  the  ratio  of  the  line  length  to 


the  wavelength  at  that  frequency: 

"f 


(2-16) 


Also  it  is  clear  that  this  frequency  dependence  is  manifested  only  in  varia¬ 
tions  of  the  terms  cos(2n^)  and  sin(2ir-r).  From  these  observations  we  only  need 

A  A 

y  1 

to  plot  the  magnitudes  of  the  transfer  functions,  Tq  and  T^,  for  0  —  <_  — ; 

that  is,  only  the  response  for  frequencies  such  that  the  line  length  is  less 
than  or  equal  to  one  quarter  wavelength  need  be  determined. 

It  is  a  simple  matter  to  show  this  by  showing  that  the  magnitudes  of  the 
transfer  functions,  | T  [  and  |ly|,  are  periodic  with  period  A/2  and  possess 

U  o*— 

even  symmetry  about  A/4;  that  is 


T  (— )  =  T  (—  +  — ) 

0K  2’  0y2  2 ' 


(2-17a) 


20 


(2-17b) 


'Vr  ^  l  ’  -w  ’  V  ’  -s.  '  *-' '  ■  '  *.  **. 


vf> 


T*(f +  f> 


and 


T  (— ) 

oV 


T  (—  -  — ) 
(T2  4' 


(2-18a) 


T^f> 


-  V 


(2-18b) 


for  0<a<l  and  n  =  1,2,3,....  Similar  results  apply  to  the  phase  angles  of 
the  transfer  functions  but  are  more  difficult  to  describe.  We  will  concen¬ 
trate  on  plotting  the  magnitudes  of  the  transfer  functions.  A  typical  plot  is 
shown  in  Fig.  2-5  to  illustrate  these  properties.  Note  in  (2-12)  that  both 
transfer  functions  exhibit  nulls  at  multiples  of  X / 2 . 

The  basic  idea  of  the  method  is  to  include  the  variable  ^/X,  into  a  new 
variable,  sketch  the  response  as  a  function  of  that  variable,  and  then  trans¬ 
form  or  map  that  variable  into  the  aC\  axis.  To  this  end  we  define 

(2-19) 

In  terms  of  this  variable  we  may  rewrite  (2-12)  as 


0  =  ^  tan(2*  f) 


T  =  _ jK1  +  jQT>  M 

0  1  +  j0A  +  (j0)2B  0 


(2-20a) 


cos  (2 


2tS" 


1  +  jOA  +  (jQ)  B 


M. 


(2-20b) 


Note  that  these  forms  are  very  similar  to  those  encountered  in  automatic 
control  and  electric  circuit  theory  where  0  here  is  analogous  to  radian  fre¬ 
quency,  to,  in  those  formulations.  The  common  method  of  sketching  those  fre¬ 
quency  responses  is  the  logarithmic,  asymptote  plot  commonly  known  as  the 


Bode  plot 


Separate  Bode  plots  of  magnitude  and  phase  as  a  function  of  0  can  be 


easily  generated  from  the  results  in  (2-20).  Then  the  0  axis  can  be  mapped 
into  the  ^ axis.  Note  that  for  electrically  short  lines,  y  <<  1, 

o  =  Y  (2-21) 

and  the  plots  transform  directly.  Note  that  0  is  virtually  identical  to  ^ 

A 

for  frequencies  such  that  the  line  length  is  less  than  —  of  a  wavelength 
0^-  0.05). 

The  reader  will  note  that  Tj£  in  (2-20b)  is  not  free  of  the  y  variable 


since  cos 


(2^) 


remains  in  the  denominator.  With  regard  to  plotting  this  trans 


fer  function  via  a  Bode  plot,  the  following  theorem  removes  this  difficulty. 


Theorem: 


1  +  j2ir©  = 


cos 


(2-22) 


Proof : 


1  +  j2tt0  =-/l  +  (2tt0)‘ 


fl  +  tan  (2?!=) 

A 


'cos  (2if^)  +  sin  (2TT*) 
A _ A 

cos'  z(2if) 


cos  (2tt^) 
A 


Thus  to  plot  the  magnitudes  of  the  transfer  ratios  we  may  equivalently 


j0(l  +  _jQT)  M 
1  +  j0A  +  (j0)2B  0 


(2-23a) 


10(1  +  102tt)  .. 

- - 2~  My 

1  +  j 0A  +  (j0)  B  ** 


(2-23b) 


i  i 

Of  course  the  term  cos  <Hc>  in  the  denominator  of  (2-20b)  can  be  removed  when 


plotting  the  phase  of  Tg. 


If  <<  1  then  A  =  +  TR  and  B  =  TGTR.  In  this  case  the  denominator 


of  the  transfer  functions  factor  as 


1  +  j0A  +  (JO)  B  =  (1  +  j0TG)  (1  +  j0TR) ,  |<|>|  «  1 


(2-24) 


For  this  case,  preparation  of  the  Bode  plots  is  quite  simple.  If  j  ip  |  is  not 
much  less  than  unity  such  that  the  denominators  of  the  transfer  functions  do 
not  factor  as  in  (2-24)  their  contributions  to  the  magnitude  and  phase  plots 
can  also  be  plotted  in  the  usual  fashion  since  A  and  B  can  be  shown  to  be 
nonnegative.  For  this  case  the  reader  is  referred  to  the  numerous  textbooks 
detailing  this  situation.  In  the  following  illustrations  we  will  assume 
h\  <<  1  so  that  the  denominator  of  the  transfer  functions  factors  as  in 


(2-24). 


Assuming  the  denominator  to  factor  as  in  (2-24),  i.e.,  | ^ |  <<  1,  the 


magnitudes  become 


T  =  _ +  J®T) _  M 

0  (1  +  jOTG)  (1  +  j©TR)  "0 


_ J0(1  +  j02u) 

(1  +  j0TG)  (1  +  j0TR)  i. 


(2-25a) 


(2-25b) 


In  decibels  these  become 


To  =  20  lo8io  To 


=  |Mn|Jn  +  |  j©L„  +  |1  +  j©TLB-  1  +  jOTG|JT,  (2-26a) 


-  1  +  JOT 


R  dB 


dB  =  20  log10 


M, 


dB 


1  +  jOT 


J0 

dB 


dB 


1  +  j  02tt 


dB 


1  +  jOT 


dB 


(2-26b) 


The  terms  Mg,  and  j0  contribute  a  20  dB/decade  asymptote  with  levels 


and 

0 

1 

CQ 

T) 

X 

dB 


at  0  =  1.  The  terms 


1  +  j0T 


dB 


and 


1  +  j02iT 


dB 


in  the 


numerators  contribute  20  dB/decade  asymptotes  beginning  at  0  3  ^  and  0  = 


respectively.  Similarly  the  denominator  terms 


1  +  jOT, 


dB 


and 


1  +  j  0T_ 


dB 


contribute  asymptotes  of  -20  dB/decade  beginning  at  0  =  -dj—  and  0  = 

TG  R 

respectively. 

We  will  consider  an  example  to  illustrate  the  method.  The  cross-sectional 
structure  of  the  line  will  consist  of  two  #20  gauge  wires  (radius  of  16  mils) 
located  a  height  of  2  cm  above  a  ground  plane  and  separated  a  distance  of  2 
cm.  One  may  compute  [3] 


-7 


=  9.18  x  10  H/m 

i  =  1.61  x  10  7  H/m 
m 


From  this  one  may  compute 


Suppose 


We  then  compute 


and 


ZCG  =  ZCR  =  271a  fl 


Z0G  ZjCG  ~  Z0R  ZjCR  1  Q 


“OG  =  VG  =  “OR  =  VR  =  3*6886  X  10 


-3 


Also 


TG  =  TR  =  865.1 


ip  =  3.073  x  10 

and  therefore  |ij>]  «  1.  Also 

T  =  4.708  x  10 


-2 


-2 


Similarly 


Thus 


Mq  =  75.83 
Mgf=  -75.83 


dB 


Mj 


dB 


=  37.6  dB 


The  Bode  plots  for  the  magnitudes  of  the  transfer  ratios  are  shown  in  Fig.  2-6 
The  break  points  occur  at  =  —  =  1.156  x  10  2  4  =  21.24  and  =  .16. 

TG  tr  T 


The  terms 


with  a  level  of 


__  -f* 

|  j  0 

and 

M 

+ 

10 

0 

dB 

dB 

dB 

J 

dB 


give  a  20  dB/decade  asymptote 


M, 


dB 


=  37.6  at  0  =  1.  To  translate  this  level  to  0  =  10 


-5 


we  simply  add -100  dB  to  37.6  dB  to  obtain  the  level  of  -62.4  dB  at  0  =  10 


-5 


The  corresponding  values  of  —  are  labeled  along  the  top  of  the  plots.  For 


this  example  it  is  quite  easy  to  visualize  the  frequency  response  as  a  func- 
tion  of  — • 


Note  that  the  magnitudes  of  the  transfer  ratios  achieve  a  maximum 


•  -3  • X- 

of  -23  dB  at  0  =  1.25  x  10  =  Thus  the  maximum  response  occurs  at  a  fre- 

A 

quency  such  that  the  line  is  very  short,  electrically.  The  plots  of  the  mag¬ 
nitude  of  the  transfer  functions  as  a  function  of  ~  for  10  ^  <  1  are  shown 

A  A 

in  Fig.  2-7. 

The  above  example  has  shown  that  the  maximum  value  of  the  crosstalk  may 
occur  at  a  frequency  for  which  the  line  is  electrically  short.  The  maximum 
value  of  that  crosstalk  can  be  easily  estimated  from  the  asymptote  plots. 

To  determine  whether  the  maximum  crosstalk  occurs  for  frequencies  where 
the  line  is  less  than  one  quarter  of  a  wavelength  now  becomes  a  simple  matter. 
Three  possibilities  occur  as  shown  in  Fig.  2-8.  From  these  it  is  clear  that 
the  maximum  crosstalk  will  occur  when  the  line  length  is  one  quarter  of  a 
wavelength  unless  case  (a)  occurs  that  is,  both  normalized  time  constants, 

T  and  T  ,  are  greater  than  T  or  2it  as  appropriate.  From  (2-13c) ,  (2-14a) 

It  K 

and  (2-14b)  this  requires  that  the  line  time  constants  satisfy  the  follow¬ 


ing  conditions  for  T^: 


E  c  v  ■TT?  L  +  VgVr  J 


(2-27) 


For  T£  this  requires  that 


Tu’Tr  >  ~ 
R  G  v 


(2-28) 


i.e.,  the  time  constants  of  both  circuits  must  be  greater  than  the  one-way 
transit  time  of  the  line. 

The  above  example  has  illustrated  that  it  is  not  a  simple  matter  to 
bound  the  crosstalk  in  a  transmission  line.  We  have  considered  the  simplest 
possible  class  of  line  and  found  that  one  cannot  determine  the  maximum  cross¬ 


talk  without  some  effort.  Certainly  other  classes  of  lines  will  be  no  less 


difficult  to  analyze. 


UTS 


Fig.  2- 


i  i 


i 


i  f  iTf'iMir 
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7.  Frequency  response  plots  for  the  example. 


29 


0  dB/dec 


(a)  T6fR  >  T,  2v  ,  TR(G  >  T,  2  tr 


w,n 


Fig.  2-8„  Three  possibilities  for  the  Bode  plots.  The  maximum  response 
occurs  at  c£  =  X/4  except  in  case  (a). 


Before  we  proceed  to  those  other  classes  of  lines  which  IEMCAP  considers 
let  us  consider  the  feasibility  of  extending  the  simple  model  in  Fig.  2-4  to 
higher  frequencies.  The  simple,  low-frequency  model  in  Fig.  2-4  applies  for 
an  electrically  short  line  and  a  frequency  of  excitation  which  is  "sufficiently 
small".  We  place  the  words  sufficiently  small,  in  quotes  since  there  is  no 
precise  criterion  for  this  which  applies  to  all  lines  and  termination  impe¬ 
dances.  Clearly  the  crosstalk  increases  at  low  frequencies  linearly  with 
frequency.  Above  a  frequency  where  it  no  longer  increases  linearly  with 
frequency,  the  low-frequency  model  in  Fig.  2-4  is  no  longer  valid.  But  this 
frequency  is  strongly  dependent  on  the  termination  impedances.  We  showed  an 
example  where  the  low-frequency  model  of  Fig.  2-4  applied  only  up  to  a  fre¬ 
quency  where  the  line  length  was  equal  to  ■~q~q'  of  a  wavelength;  the  line  was 
very  short,  electrically.  Other  examples  are  given  in  [7]  to  illustrate  this 
strong  dependence  on  termination  impedances. 

We  may  extend  this  low-frequency  model  to  higher  frequencies  so  long  as 

the  line  is  electrically  short.  To  do  so  let  us  assume  that  the  line  is 

•  • 

electrically  short  such  that  C  =  1  and  S  =  1.  If  we  also  assume  weak 


coupling,  k  <<  1,  then  (2-3)  can  be  written  as  [7,  9] 
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Note  that  the  solutions  for  VR  (cO  are  the  low-frequency  model  solutions 
in  (2-10)  and  obtained  from  Pig.  2-4  but  divided  by  the  terms 


Den  =  (1  +  jarr^J  (1  +  jwtR) 


(2-32) 


Thus  it  appears  that  we  may  modify  the  low-frequency  model  by  dividing  I 

GDC 

and  ^G^G  by  (1  +  jmi  )  and  dividing  the  induced  voltage  in  the  receptor 

circuit  by  (1  +  jaitR).  Although  this  will  extend  the  results  of  the  low- 
frequency  model  to  higher  frequencies  we  still  must  require  that  the  line  be 

electrically  short  «  X)  and  weakly  coupled  (£<<  1).  Also  we  do  not  know 

precisely  how  far  in  frequency  this  result  may  be  extended. 

As  for  the  solutions  for  VR(0)j  similar  remarks  apply  except  that  VR^(0) 

CAP 

is  multiplied  by  the  factor  F  and  V  (0)  is  multiplied  by  the  factor  F-. 
These  factors  are  inconsequential  for  electrically  short  lines  only  if 
ct^G  =  1;  that  is,  the  generator  line  is  matched.  If  a_^G  ^  1,  these  factors 
may  be  significant  [7]. 

For  the  moment  let  us  assume  that  the  line  is  electrically  short  QC  «  X) , 
weakly  coupled  <<  1)  and  F  =  F  =  1.  Then  the  solutions  in  (2-29)  and 

L  L 

(2-30)  can  be  written  in  the  form 
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Note  that  the  responses  vary  linearly  with  frequency  (20  dB/decade)  up  to  a 

point  where  w  =  min  (— ,  — ) .  At  this  point,  the  response  becomes  constant 

TC  Tr  x  x 

(0  dB/decade)  up  to  the  point  at  which  w  =  max  ( — ,  — ).  At  this  point  the 

tg  tr 

response  falls  off  linearly  with  frequency  (-20  dB/decade).  This  behavior  is 
summarized  in  Fig.  2-9.  Note  that  if  the  upper  breakpoint,  w  =  max  (— ,  — ) 

tg  tr 

occurs  at  a  frequency  where  the  line  is  electrically  short  as  shown  in  Fig. 

2-9,  the  maximum  response  occurs  between  the  two  breakpoints.  Thus  a  simple 
way  of  bounding  the  result  would  be  to  use  the  low-frequency  model  of  Fig. 

2-4  to  compute  the  response  up  to  the  first  breakpoint  and  use  that  value  of 
crosstalk  for  all  higher  frequencies.  For  the  example  shown  in  Fig.  2-6, 
this  works  quite  well  in  predicting  the  maximum  crosstalk.  However,  there  will 
occur  cases  which  violate  the  above  assumptions.  These  are  shown  in  Fig.  2-8. 

Only  the  case  shown  in  Fig.  2-8  (a)  would  be  predicted  by  this  method.  If  one 
used  this  method  to  predict  the  maximum  crosstalk  for  cases  in  Fig.  2-8  (b) 
and  (c),  possibly  severe  underprediction  would  occur;  that  is,  the  maximum 
crosstalk  would  be  much  greater  than  that  predicted  by  the  model  in  Fig.  2-9. 

Thus  the  bounding  of  crosstalk  in  this  simplest  of  all  possible  classes 
of  transmission  line  is  extremely  complicated.  In  considering  a  model  for 
this  case  for  use  in  IEMCAP  it  would  appear  that  the  simple,  low-frequency  mod¬ 
el  shown  in  Fig.  2-4  would  be  the  most  appropriate.  Because  of  the  unknown 
wire  configurations  in  a  bundle  and  the  neglecting  of  the  effects  of  other 
wires  in  the  bundle  it  makes  little  sense  to  try  to  accurately  predict  the 
ideal  case  (Fig.  2-1).  Thus  the  proposed  model  is  one  in  which  the  crosstalk 
increases  linearly  with  frequency.  The  circuit  model  is  given  in  Fig.  2-4. 


It  is  of  interest  to  limit  the  predictions  of  this  model  where  they  be¬ 
come  unrealistic.  We  have  shown  above  that  bounding  the  crosstalk  for  this 
ideal  case  is  far  from  simple.  Perhaps  the  simplest  choice  of  a  bound 
would  be  unity  coupling.  More  will  be  said  about  this  later. 

2.2  Untwisted,  Shielded  Wires 

The  cases  to  be  considered  are  shown  in  Fig.  2-10.  The  generator/recep¬ 
tor  wire  may  be  unshielded  or  shielded.  An  investigation  of  these  cases  was 
given  in  [10,  11].  These  configurations  are  shown  having  pigtails  on  either 
end  of  the  shield.  The  pigtail  sections  are  considered  to  be  exposed  sections 
of  the  shielded  wire. 

It  was  shown  in  [10,  11]  that  for  an  electrically  short  line  one  can 
superimpose  the  coupling  over  the  shielded  section  and  the  coupling  over  the 
pigtail  sections.  The  coupling  over  the  pigtail  sections  can  be  treated  as 
in  the  previous  section  -  a  segment  of  unshielded  wires. 

A  coupling  model  for  the  contribution  over  the  shielded  section  for  an 
electrically  short  line  can  similarly  be  obtained.  Let  us  consider  the  case 
in  Fig.  2-10  (b)  of  an  unshielded  generator  wire  and  a  shielded  receptor  wire. 
The  coupling  depends  on  whether  the  shield  is  ungrounded,  single  end  grounded 
or  double  end  grounded.  If  the  shield  is  ungrounded  it  is  assumed  to  have  no 
effect  on  capacitive  and  inductive  coupling.  In  fact,  it  does  have  a  small 
effect  given  by  the  voltage  division  ratio  between  the  shield-to-ground 
capacitance  and  the  generator  wire-to-shield  mutual  cmacitance.  But  this  is 
usually  small  (6  dB)  as  shown  in  [10,  11].  If  the  shield  is  single-end 
grounded,  it  is  assumed  to  eliminate  any  capacitive  coupling  to  the  shielded 
wire  but  not  affect  the  inductive  coupling.  If  the  shield  is  double-end 


grounded,  the  capacitive  coupling  is  removed  and  the  inductive  coupling  is 


modified  by  the  shield  impedance,  Z  ,  and  self  inductance  above  ground,  Le: 
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The  above  model  was  shown  to  provide  reasonable  predictions  in  [10,  11]. 

A  more  detailed  modeling  of  the  line  using  the  transmission  line  model  was 
shown  in  [11,  12]  to  provide  very  accurate  predictions  for  carefully  controlled 
configurations.  It  was  also  demonstrated  in  [12]  that  the  location  and  orien¬ 
tation  of  the  pigtail  wires  can  have  a  dramatic  influence  on  the  crosstalk. 

A  worst  case  model  would  assume  that  the  pigtail  wires  go  directly  to  ground 
at  the  ends  of  the  shields  and  do  not  pass  along  the  pigtail  sections  (which 
they  usually  do  in  a  connector  installation).  For  shields  on  both  wires,  the 
model  in  (2-34)  is  modified  by  multiplying  by  another  factor  Z  / (Z  + 

bn  brlO 

ju)L  )  due  to  the  shield  on  the  generator  wire  [11]. 
bO 

2. 3  Twisted,  Unshielded  Wires 

The  subject  of  modeling  twisted  pairs  was  investigated  in  several  reports 
by  the  author.  The  unbalanced  twisted  pair  configuration  shown  in  Fig.  2-11 
was  shown  to  be  adequately  modeled,  for  electrically  short  lines,  by  a  sequence 
of  loops  [13,  14,  15,  16].  The  consequence  was  that  only  the  differential 
mode  induced  current  needed  to  be  modeled,  the  inductive  coupling  was  reduced 
by  the  ratio  of  the  loop  length  to  total  line  length  and  the  capacitive  coup- 


ling  was  the  same  as  to  a  single  wire.  The  effect  of  twisting  thus  lowers 
the  inductive  coupling  drastically  but  does  not  affect  the  capacitive  coupling. 

For  the  balanced  twisted  pair  shown  in  Fig.  2-12,  the  balancing  of  the 
terminations  reduced  the  capacitive  coupling  also.  Thus  the  line  was  essen¬ 
tially  modeled  as  only  a  single  loop  and  differential  mode  coupling  calculated 
(perfect  balance  is  assumed)  [17,  18]. 

2.4  Twisted,  Shielded  Wires 

Twisted  pairs  which  have  overall  shields  have  not  been  investigated  by 
the  author  or  apparently  to  any  significant  degree  in  the  open  literature. 

There  is  no  reason,  however,  to  believe  that  the  above  concepts  would  not 
apply  here  (at  sufficiently  low  frequencies). 

An  ungrounded  shield  should  have  little  effect.  A  single-end  grounded 
shield  should  eliminate  capacitive  coupling  (which  may  already  be  eliminated 
in  the  balanced  case) ,  and  a  double-end  grounded  shield  would  cause  the  com¬ 
mon-mode  inductive  coupling  in  the  unbalanced  case  to  be  multiplied  by  Z  / 

bn 

(Z  +  j^L  )  and  have  no  effect  on  the  differential  mode,  inductive  coupling 
bn  bn 

in  the  balanced  case. 

2.5  Branched  Cables 

It  is  reasonable  to  assume  that  for  electrically  short  lines  which  have 
branches  that  one  can  superimpose  the  coupling  contributions  over  the  uniform 
segments.  This  was  verified  for  the  case  of  pigtails  [11].  If  one  cannot  make 
this  assumption,  consideration  of  the  loading  on  each  segment  provided  by 
the  attached  segments  becomes  a  very  difficult  problem  if  implemented  in 
IEMCAP.  In  IEMCAP  one  may  construct  very  elaborate  branchings  and  if  one 
could  not  make  the  above  assumption,  one  would  be  required  to  "reflect"  im¬ 
pedances  to  the  ends  of  every  segment  involved.  This  would  dramatically 


.  >  '.-V  < 


affect  the  coding  difficulties. 

2.6  Recommendations  for  Revision  of  the  Wire-to-Wire  Coupling  Subroutine 

(WTWTFR) 

This  section  contains  recommendations  for  changes  in  the  wire-to-wire 
coupling  subroutine  (WTWTFR)  in  IEMCAP.  The  changes  are  intended  to  accomp¬ 
lish  four  objectives:  (1)  to  modularize  that  subroutine,  (2)  to  speed  up 
computation,  (3)  to  provide  models  which  have  more  sound  theoretical  basis 
than  those  presently  included  in  IEMCAP,  and  (4)  to  correct  certain  errors 
presently  in  the  current  models  in  IEMCAP.  The  first  objective  -  to  modular¬ 
ize  the  subroutine  -  is  important  from  the  standpoint  of  future  maintenance 
of  the  code.  The  other  three  objectives  concern  relatively  accurate  and 
speedy  predictions.  It  is  important  that  the  models  have  a  sound  theoretical 
basis  rather  than  have  the  ability  to  predict  only  certain  limited,  empirical 
data.  One  then  has  some  confidence  that  the  models  will  predict  some,  as  yet, 
uninvestigated  situation. 

The  subroutine  which  was  initially  delivered  by  the  contractor  contained 
numerous  theoretical  inconsistencies  and  model  prediction  errors.  These 
were  thought  to  be  corrected  via  a  completely  rewritten  subroutine  [19],  The 
models  in  that  revised  subroutine  were  based  on  the  modeling  efforts  to  that 
date.  Shielded  wires  and  twisted  pairs  had  not  been  extensively  investigated 
from  the  standpoint  of  models  for  predicting  crosstalk.  Thus  models  for  those 
portions  of  the  subroutine  were  based  on  limited  modeling  data  which  existed 
at  the  time  [20]. 

Since  that  initial  revision,  several  modifications  were  made  to  correct 


coding  errors  and  to  add  additional  features.  The  original  revision  was 
designed  to  handle  pigtails  on  shielded  wires  which  were  three  inches  (3") 


in  length.  No  provision  was  made  for  peripherally  bonded  shields  (zero- 
length  pigtails)  or  variable  lengths  of  pigtails  from  shield  to  shield. 
Recently  a  revision  was  made  to  WTWTFR  to  allow  for  variable  length  pigtails 
[21 J.  It  has  been  determined  that  this  revision  did  not  correctly  handle 
pigtails  for  inductive  coupling.  In  the  original  revision,  the  restriction 
of  3"  pigtails  on  all  shield  terminations  allowed  an  optimization  of  the  code 
which  would  not  have  been  possible  with  variable  length  pigtails.  Since 
that  code  structure  and  the  models  relied  heavily  on  the  restriction  that 
all  shield  pigtail  terminations  be  the  same  it  is  not  a  simple  matter  to 
change  that  code  to  now  handle  variable  length  pigtails.  Moreover,  adding 
the  capability  of  variable  length  pigtails  by  modifying  the  original  code 
would  not  take  advantage  of  the  optimization  which  the  assumption  of  3" 

pigtails  allowed.  It  would  seem,  therefore,  that  one  should  rewrite  and 

optimize  the  structure  of  the  code  for  the  variable  length  pigtail  case. 

Much  additional  work  has  been  done  on  the  modeling  of  crosstalk  involving 
shielded  wires  and  twisted  pairs  since  that  original  code  revision  as  out¬ 
lined  above.  This  additional  work  has  shown  that  some  of  the  models  for  these 

cases  contained  in  the  original  revision  are  not  correct  and  some  models  were 

unnecessarily  complicated  for  the  prediction  accuracies  which  one  would 
reasonably  expect  on  practical  systems.  In  addition,  some  long-held,  funda¬ 
mental  notions  concerning  the  superposition  of  inductive  and  capacitive  coup¬ 
ling  (which  were  fundamental  to  the  original  revision)  were  shown  to  be  in¬ 
correct  [7]. 

Thus  because  of  the  additional  modeling  experience  and  the  discovery 
of  the  error  of  certain  fundamental  model  premises,  the  WTWTFR  models  need 
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modification.  Because  of  the  extensiveness  of  these  modifications  as  well 


as  the  other  reasons  alluded  to  above,  it  seems  advisable  to  completely  rewrite 
the  WTWTFR  subroutine.  In  doing  so  it  is  also  advisable  that  it  be  modular¬ 
ized  and  optimized.  Modularization  is  critically  important  from  the  stand¬ 
point  of  future  maintenance.  It  is  possible,  but  very  difficult,  for  anyone 
who  is  not  intimately  (and  currently)  familiar  with  the  present  code  to  make 
changes  to  it  much  less  track  the  effects  of  those  changes  through  the  code. 
Modularization  would  remedy  this  problem  to  a  large  degree. 

2.6.1  Recommended  Configurations  and  Model  Assumptions 

The  present  code  contains  models  intended  to  handle  single  wires  with 
ground  return  and  twisted  pairs  (balanced  and  unbalanced).  Shields  (single  or 
double)  may  surround  these  wires  and  the  shields  may  be  ungrounded,  single 
end  grounded  or  double  end  grounded.  A  number  of  variations  from  the  ideal 
are  also  supposedly  considered.  Shields  are  considered  braided  and  a  "shield 
penetration  factor"  is  used  to  attempt  to  model  the  penetrations  through  the 
holes  in  these  shields.  Although  this  type  of  penetration  no  doubt  exists, 
the  model  in  WTWTFR  for  this  has  not  been  theoretically  justified.  This 
is  an  extraordinarily  difficult  problem  which  is  not  amenable  to  some  simple 
factor  such  as  the  above.  For  this  reason,  it  is  recommended  that  the  shield 
penetration  factor  remain  as  presently  modeled.  Once  more  theoretically 
sound  models  for  this  effect  are  obtained  they  may  be  incorporated  into  a 
modularized  code. 

In  the  case  of  twisted  pairs,  the  current  code  considers  "Unbalanced" 
and  "Balanced"  twisted  pairs.  The  specific  terminal  configurations  which 
these  are  intended  to  address  has  not  been  clear.  In  addition,  for  both 
these,  their  deviation  from  the  ideal  caused  by  stray  (or  intentional) 


impedances  to  ground  has  been  considered  on  a  somewhat  unjustifiable  basis. 

A  balanced  twisted  pair  is  usually  considered  to  be  one  in  which  the  imped¬ 
ances  at  one  end  from  each  wire  to  ground  are  the  same.  This  results  in 
only  "differential  mode"  currents  and  voltages.  Any  "unbalance"  creates 
"common  mode"  currents  which  return  through  the  ground  plane  and  wire  volt¬ 
ages  with  respect  to  the  ground  plane  which  are  not  equal.  The  present 
"unbalanced  twisted  pair"  model  in  the  code  is  a  somewhat  common  model  but 
the  common  mode  currents  and  voltages  are  computed  by  adding  some  heuristically 
derived  stray  elements.  In  a  practical  (and  usually  large)  system  one  can 
only  guess  at  these  stray  unbalance  elements.  Even  if  these  stray  elements 
could  be  accurately  ascertained,  one  would  have  the  large  data  entry  and  data 
gathering  problem  of  inputting  and  determining  them  for  each  twisted  pair 
deployed  in  the  system.  Also  one  is  constrained  to  consider  only  one  con¬ 
figuration  for  the  stray  elements  in  order  to  derive  code  equations  for  that 
model.  If  the  configuration  chosen  for  these  stray,  unbalance,  nonideal 
elements  does  not  fit  a  users  actual  configuration  then  the  equations  for 
coupling  do  not  apply  to  that  user's  problem.  Since  there  are  a  large 
number  of  possible  configurations  for  these  strays,  it  is  recommended  that 
these  nonideal  elements  not  be  considered;  that  is,  we  assume  a  twisted  pair 
to  be  either  perfectly  balanced  or  unbalanced  according  to  a  specific  model 
for  which  system  design  data  is  usually  obtainable.  It  is  unrealistic  to  ask 
the  user  to  gather  data  or  make  good  estimates  of  these  nonideal  parameters 
for  every  wire  pair  deployed  in  the  system.  Furthermore  the  error  incurred  in 
inaccurate  estimates  of  these  parameters  may  well  be  larger  than  that  incurred 
by  other  ill-defined  but  necessary  parameters  such  as  relative  wire  positions 
in  a  bundle. 


44 


It  must  be  kept  in  mind  that  the  purposes  of  IEMCAP  are  (1)  to  provide  a 
system  configuration  file  and  (2)  to  provide  estimates  of  potential  problem 
areas  so  that  a  more  detailed  analysis  can  be  used  to  determine  whether  a 
problem  will  likely  exist. 

In  view  of  the  above  rationale,  a  list  of  recommended  system  wiring  types 
for  Emitter  circuits  and  Receptor  circuits  are  shown  in  Fig.  2-13.  These 
represent  the  most  common  types  of  wiring  configurations.  What  needs  to  be 
addressed  now  is  the  specific  terminal  configurations  at  the  ends  of  the 
wires.  The  terminal  configuration  can  be  more  important  than  the  wiring  type 
in  controlling  EMI„  We  have  chosen  the  termination  configurations  for  emitters 
as  those  shown  in  Fig.  2-14.  The  terminations  for  the  receptors  are  shown  in 
Fig.  2-15. 

First  consider  the  emitters  shown  in  Fig.  2-14.  The  single  wire  above 
ground  is  driven  by  a  1  volt  source  (with  respect  to  ground)  and  terminated  in 
an  impedance  with  respect  to  ground.  A  common  mode  current,  Ic>  returning 
through  the  ground  plane,  computed  for  DC,  represents  the  magnetic  field 
effect  (inductive  coupling)  on  neighboring  wire  circuits.  A  common  mode  vol¬ 
tage,  Vc,  with  respect  to  ground,  computed  for  DC,  represents  the  electric 
field  effect  (capacitive  coupling)  on  neighboring  wire  circuits.  For  frequen¬ 
cies  where  the  line  is  not  electrically  short,  these  items  vary  from  their  DC 
values.  However  to  consider  this  variation  (up  to  the  18  GHz  frequency  limit 
of  the  code)  would  require  a  transmission  line  model  which  would  severely 
complicate  the  code.  It  would  not  necessarily  provide  more  accurate  predic¬ 
tions  due  to  the  usual  host  of  variations  in  other  important  parameters  which 
are  present  in  any  practical  system. 

The  assumed  terminal  configuration  for  the  balanced  twisted  pair  emitter 
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is  also  shown  in  Fig.  2-14.  Here  it  is  assumed  that  perfect  balance  is 
attained.  To  assume  any  unbalance  would  require  that  the  user  estimate  the 
nonideal  parameters  and  that  several  models  for  the  different  configurations 
of  the  stray  elements  be  provided.  Because  of  the  perfect  balance  assumption, 
only  a  differential  current,  1^,  and  voltage,  V^,  are  present  to  affect  neigh¬ 
boring  circuits.  No  common  mode  current  is  assumed  to  flow  through  the 
ground  plane. 

The  unbalanced  twisted  pair  configuration  is  shown  in  Fig.  2-14.  Here 
one  end  of  the  twisted  pair  is  grounded  while  the  other  end  is  not  grounded  to 
intentionally  avoid  ground  loop  or  common  mode  currents.  The  differential 
mode  current,  1^,  and  differential  mode  voltage,  V  ,  are  the  only  variables 
to  affect  neighboring  wire  circuits. 

Each  of  these  three  emitter  configurations  may  be  surrounded  by  a  single 
or  double  shield  each  of  which  may  be  ungrounded,  single  end  grounded  or  double 
end  grounded.  The  effect  of  a  shield  is  as  described  previously.  A  shield 
affects  the  portion  of  the  emitter  current  which  returns  through  the  ground 
plane  only  if  it  is  double  end  grounded.  In  this  case,  the  effective  current 
is  the  unshielded  common  mode  current  multiplied  by  the  factor 


ZSH  +  jwLS 


where  Z  is  the  per-unit-length  shield  impedance  and  L  is  the  per-unit- 
SH  b 

length  shield  self  inductance  above  ground.  This  was  shown  for  the  single 
wire  above  ground  case  in  [11].  Its  extension  to  twisted  pairs  is  easy  to 
see  if  one  applies  the  single  wire  result  to  each  wire  and  its  associated 
In.  The  above  factor  applies  to  currents  which  return  via  the  ground 
plane  (common  mode  currents) .  Thus  the  twisted  pairs  (unbalanced  or 


balanced)  are  not  affected.  Thus  the  above  term  only  multiplies  Ic  for 
the  single  wire  case  in  which  a  double— end  grounded  shield  encloses  the 
wire. 

A  shield  affects  the  emitter  voltage  (V^  or  V^)  only  if  it  is  grounded 
at  least  at  one  end.  In  this  case,  V  or  V  (as  appropriate)  is  set  to  zero. 

v  u 

An  ungrounded  shield  is  assumed  to  have  no  effect.  In  reality,  there  is  a 

minor  effect  of  an  ungrounded  shield  due  to  voltage  division  from  the  shield 

to  ground  capacitance  and  the  wire  to  shield  capacitance  as  discussed  above. 

This  is  omitted  but  can  be  easily  included  if  it  is  felt  to  be  necessary. 

The  receptor  circuit  terminal  configurations  are  shown  in  Fig.  2-15. 

They  are  very  similar  to  the  emitter  configurations.  A  shield  has  no  effect 

on  inductive  (magnetic  field)  coupling  unless  it  encloses  a  single  wire  and 

is  double  end  grounded  [11].  If  the  shield  is  double  end  grounded,  its  effect 

is  effectively  modeled  by  multiplying  the  inductive  coupling  computed  without 

the  shield  by  the  above  factor  where  Z  and  L  are  the  impedance  and  self 

SH  b 

inductance  (above  ground)  of  this  receptor  shield.  The  shield,  regardless 
of  grounding  configuration,  has  no  affect  on  inductive  coupling  for  these 
ideal  twisted  pair  circuits  since  no  current  may  flow  through  the  ground  plane. 
However  a  shield  around  any  of  these  receptor  circuits  eliminates  capacitive 
coupl ing  so  long  as  it  is  grounded  at  least  at  one  end.  An  ungrounded  shield 
is  assumed  to  have  no  effect  on  capacitive  coupling. 

The  models  for  coupling  to  these  receptor  circuits  are  extensions  of  the 
low-frequency  model  proven  for  the  simplest  case  of  a  three-conductor  1 ine 
discussed  in  section  2.1.  It  was  shown  in  [6]  that  the  solution  to  the  dis¬ 
tributed  parameter,  transmission  line  model  reduces  to  that  of  Fig.  2-4  in 
the  limit  as  frequency  is  reduced.  Precisely  where,  in  frequency,  this  be- 
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comes  valid  is  difficult  to  predict  and  a  function  of  the  values  of  the 
termination  impedances  [7].  Nevertheless,  we  are  assured  that  "for  a  suf¬ 
ficiently  small  frequency"  this  result  will  be  true.  This  is  essentially  a 
first  order  approximation  to  Faraday's  and  Ampere’s  laws.  This  low-frequency 
result  also  implies  weak  coupling;  the  effect  of  the  receptor  circuit  on  the 
generator  circuit  does  not  come  into  play. 

This  basic  low  frequency  model  will  be  extended  (assumed  to  apply)  to 
the  other  configurations.  Certainly  as  frequency  is  reduced,  a  point  will 
be  reached  at  which  it  does  apply.  The  detailed  models  are  given  in  Appendix 
A.  The  differences  between  each  generator-receptor  configuration  are  con¬ 
tained  in  the  per-unit-length  mutual  inductances  and  mutual  capacitances  as 
well  as  the  specific  terminal  configuration.  These  mutual  elements  are  com¬ 
puted  in  Appendix  B. 

One  other  item  is  appropriate  for  discussion.  The  common  length  for 
coupling,^  in  Fig.  2-4,  is  computed  when  twisted  pairs  are  involved  according 
to  the  following  idea.  The  usual  notion  of  the  effect  of  a  twisted  pair  is 
in  terms  of  whether  the  line  contains  an  odd  or  even  member  of  half  twists 
[13-18],  Cancellation  of  inductive  coupling  effects  is  assumed  to  be  com¬ 
plete  if  the  twisted  pair  contains  an  even  number  of  half  twists.  This  is 
because  the  emf  induced  in  one  half  twist  ideally  cancels  that  induced  in  the 
neighboring  half  twist.  Thus  the  effective  line  length  is  reduced  for  twisted 
pairs  to  that  of  one  half  twist  (assuming  for  worst  case  that  the  line  con¬ 
tains  an  odd  number  of  half  twists).  If  the  pitch  (length)  of  the  twist  is  p 
then  the  length  multiplying  the  per-unit-length  mutual  inductance  is  p/2. 

This  also  applies  to  the  case  of  balanced  twisted  pairs  and  capacitive  coup¬ 
ling.  For  unbalanced  twisted  pairs  this  applies  to  inductive  coupling  only. 


Since  the  current  source  injected  into  the  grounded  wire  representing  capaci¬ 
tive  coupling  is  cancelled  by  the  short  circuit,  the  common  length  is  effec¬ 
tively  the  total  length  for  capacitive  coupling  for  unbalanced  twisted  pairs 
[13,  14]. 

These  common  coupling  lengths  may  prove  to  be  too  optimistic  in  practice. 

Thus  one  might  choose  in  a  later  revision  to  use  the  total  line  length  as 

the  common  coupling  length;  that  is,  model  a  twisted  pair  as  an  untwisted  pair. 

The  final  item  which  needs  to  be  discussed  is  common  impedance  coupling. 

Consider  a  generator  and  receptor  circuit  which  share  a  common  return  as 

shown  in  Fig.  2-16  (a).  Suppose  that  the  frequency  is  sufficiently  small  that 

the  distributed  impedance  of  this  return  can  be  lumped  as  Z  .  Since  Z 

Li  l/l 

is  usually  much  smaller  than  Z  or  Z  ,  virtually  all  of  the  generator  current 


passes  through  the  common  impedance  Z__  and  develops  a  voltage  V  =  Z  I 

Cl  1*1  Cl  u 

between  the  two  ends  of  the  receptor  circuit.  This  voltage  is  divided  across 
Z  and  Z  to  produce  a  "floor"  of  direct  coupled,  interference  voltage  as 
illustrated  in  Fig.  2-16  (b) .  This  common  impedance  coupling  floor  represents 
a  minimum  coupling  level.  To  include  this  effect  we  simply  add  this  common 
impedance  coupling  to  the  above  computed  inductive  and  capacitive  coupling 
when  both  the  generator  and  emitter  are  single  wire  circuits.  If  either  the 
generator  or  the  receptor  is  a  twisted  pair  (balanced  or  unbalanced)  then 
no  common  impedance  coupling  is  added  for  the  reason  that,  based  on  the  model 
assumptions,  there  is  no  common  path  through  ground  to  provide  this  coupling. 
2.6.2  Pigtails  on  Shielded  Wires 

The  basic  philosophy  for  treating  pigtails  (sections  of  shielded  wires 
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Fig.  2-16.  Common  impedance  coupling. 
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is  exposed)  is  illustrated  in  Fig*  2-17.  A 


fundamental  assumption  is  that  the  entire  bundle  is  electrically  short.  If 
this  is  the  ease,  then  the  load  impedances  at  the  extreme  ends  of  the  wires 
txiv’  !>e  moved  to  the  ends  of  each  bundle  segment.  It  was  shown  in  [10,  11] 
tin, i  f , . r  this  case  (a  sufficiently  low  frequency)  one  can  superimpose  the 
coupling  over  tin*  indicated  uniform  sections  of  this  bundle  segment  to  obtain 
tht  total  coupled  voltages  at  the  ends  of  this  bundle  segment.  This  is  the 
basic  philosophy  for  handling  pigtail  sections  that  was  used  in  the  original 


rev  is  to 


n  of  IEMCAP.  However,  the  restriction  of  fixed  length  (3")  on  all 


shields  was  used  to  optimize  the  coding.  To  allow  variable  length  pigtails 
as  is  intended  in  the  present  code  is  a  bit  more  difficult. 

In  keeping  with  the  present  input  data  structure  of  the  code  we  will 
assume  a  shielded  wire  to  have  a  pigtail  at  each  bundle  point  where  it  is 
terminated  of  length  given  in  the  wire  table  for  that  type  of  shielded  wire. 
Thus  every  shielded  wire  defined  in  the  wire  characteristics  table  has  its 
own  pigtail  length.  In  the  case  of  a  shielded  emitter  (receptor)  wire  this 
is  designated  in  the  following  discussion  and  in  the  present  code  as  PIGE 
(PIGR).  For  a  particular  bundle  segment,  the  number  of  terminations  of  a 
shielded  emitter  (receptor)  wire  is  given  by  IEENDS  CIRENDS).  These  para¬ 
meters  will  be  used  to  compute  the  common  segment  lengths  over  this  bundle 


segment. 

A  typical  case  is  illustrated  in  Fig.  2-17.  Since  this  bundle  segment  is 
assumed  to  be  electrically  short,  the  individual  four  sections  may  be  inter¬ 
changed  without  affecting  the  result.  Thus,  what  is  important  is  not  their 
sequence  of  occurrence  but  the  common  lengths  of  similar  segments.  In  Fig. 
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2-17,  ^  denotes  the  section  in  which  the  emitter  is  unshielded  (pigtail) 

and  the  receptor  is  unshielded  (pigtail).  Similarly  denotes  the  sec- 

SEUR 

tion  in  which  the  emitter  is  shielded  and  the  receptor  is  unshielded  (pigtail). 
The  determination  of  these  four  basic  common  lengths  is  detailed  in  Appendix 
A  for  all  possible  combinations  of  IEENDS  (0,  1  or  2)  and  IRENDS  (0,  1  or  2). 

Once  these  common  lengths  are  determined,  then  the  basic  models  of  the 
previous  section  are  used  to  compute  the  individual  four  coupling  contribu¬ 
tions  where  the  bundle  segment  length  in  those  models  is  replaced  by  each 
of  these  four  common  section  lengths.  The  four  coupled  voltages  are  then 
added  together  (magnitudes). 

Shielded  single  wires  are  shown  in  Fig,  2-17  for  illustration.  The 
method  applies  without  revision  for  shielded  twisted  pairs. 

2.6.3  Disadvantages  of  the  Proposed  Models 

The  models  proposed  are  theoretically  defensible  so  long  as  the  excita¬ 
tion  (analysis)  frequency  is  "sufficiently  small".  Where  this  assumption 
breaks  down  is  extremely  difficult  to  ascertain.  Other,  more  sophisiticated 
lumped  models  would  also  suffer  from  this  disadvantage  although  the  upper 
frequency  limit  for  these  more  sophisticated  lumped  models  may  be  somewhat 
higher  in  some  cases.  Still  the  upper  frequency  limit  of  validity  would  be 
difficult  to  determine  and  not  unique  to  all  values  of  load  impedances.  To 
remove  this  upper  frequency  limit,  one  would  need  to  use  a  distributed  para¬ 
meter,  coupled  line,  transmission  line  model.  The  increase  in  coding  diffi¬ 
culty  to  implement  this  model  over  the  simple  one  suggested  is  enormous  (for 
all  the  configurations  which  IEMCAP  is  intended  to  handle).  Even  if  the 
transmission  line  model  were  used,  practical  system  variabilities  such  as 
relative  wire  position  in  a  bundle  would  probably  render  any  predictions  of 
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this  model  as  inaccurate  as  those  of  the  simple  model.  Thus  implementing  the 
suggested  model  is  probably  the  only  sensible  thing  to  do.  Prediction  errors 
will  be  made,  particularly  at  the  higher  frequencies.  However,  predicting 
accurate  results  for  some  unknown  and  variable  system  is  virtually  impossible 
The  problem  is  not  uniquely  solvable  unless  one  applied  IEMCAP  to  well- 
controlled  and  precisely  definable  systems  which  is  not  its  intended  applica¬ 
tion. 

These  simple  models  however  do  provide  some  unrealistic  results  at 
certain  frequencies.  For  example,  many  of  the  models  predict  the  coupling  to 
increase  linearly  with  frequency  (20  dB/decade).  At  the  lower  frequencies 
this  is  true.  However  if  extended  to  higher  frequencies,  the  coupling  may 
exceed  unity.  This,  in  itself,  is  not  unrealistic;  voltage  transfer  ratios 
(which  are  what  the  models  predict)  can  exceed  unity  (consider  transformers, 
for  example).  No  problem  occurs  unless  the  current  transfer  ratio  exceeds 
unity,  then  also  the  power  gain  would  exceed  unity:  a  clearly  unreasonable 
result . 

It  is  difficult  to  "bound"  these  predictions  such  that  the  power  gain 

never  exceeds  unity  because  of  the  assumption  of  weak  coupling;  that  is,  all 

the  power  delivered  by  the  1  volt  voltage  source  at  the  end  of  the  emitter 

circuit  is  transferred  to  its  load,  ZT In  reality,  most  of  the  power 

Uj  - 

delivered  by  this  voltage  source  is  delivered  to  Z  with  only  a  very  small 
portion  delivered  via  crosstalk  to  the  receptor  circuit.  However  limiting 
the  power  gain  to  each  receptor  load  to  not  exceed  unity  has  no  basis  for 
these  models.  Even  if  it  did,  how  would  we  apportion  this  power  gain  to  each 
end  of  the  receptor  circuit?  There  is  no  seemingly  satisfactory  answer  to 
this  problem  so  it  is  suggested  that  the  computed  voltage  transfer  ratios 


not  be  allowed  to  exceed  unity. 

Another  highly  optimistic  result  is  obtained  by  our  assumption  that 
the  shields  are  solid.  In  reality,  the  holes  in  braided  shields  will  allow 
increased  coupling.  Again,  modeling  this  phenomenon  with  a  simple  but 
defensible  model  is  not  obvious.  Perhaps  one  has  to  "live  with"  this  problem 
Of  some  comfort  is  that  for  shields  having  pigtails  which  are  not  of  zero 
length,  the  pigtail  coupling  will  probably  take  over  or  dominate  at  the 
higher  frequencies  rendering  the  imperfect  shield  question  a  moot  point  [10]. 
For  zero  length  pigtails  on  both  emitter  and  receptor  shields  one  will  have 
an  optimistic  view  of  the  protection  afforded  by  the  shields. 

Underlying  these  model  deficiencies  is  the  basic  problem  of  variability 
or  inaccuracy  of  input  data  for  the  models.  It  has  been  shown  that  the 
variability  in  crosstalk  due  to  minor  variations  in  relative  wire  positions 
in  a  bundle  can  cause  as  much  as  40  dB  change  in  crosstalk. [22 ] .  So  in  light 


of  this,  perhaps  the  other  model  deficiencies  are  not  out  of  line  with  what 
one  would  reasonably  expect  as  prediction  errors  for  practical  systems. 


III.  REVISION  OF  THE  FIELD-TO-WIRE  COUPLING  SUBROUTINE  FTWTFR 
The  subroutine  FTWTFR  is  intended  to  calculate  terminal  currents  induced 
in  cable  bundles  due  to  (1)  environmental  fields  or  (2)  antennas  (directly 
illuminating  a  wire  via  exposure  of  that  wire  through  an  aperture).  The 
model  is  based  on  the  transmission  line  model  outlined  in  [23,  24,  25], 

The  current  subroutine  in  IEMCAP  is  essentially  the  original  one  deliv¬ 
ered  by  McAir  [1],  Although  the  model  is  based  on  the  transmission  line 
model  [23,  24,  25]^  it  is  supposedly  a  bound  of  the  predictions  of  that  model 
rather  than  an  exact  solution  of  that  model.  No  explanation  or  derivation 
of  this  was  given  in  the  documentation  [1].  Private  conversations  with  Dr. 

R.  Pearlman  of  McAir  provided  insight  into  a  possible  derivation.  That 
estimated  derivation  is  described  in  [29].  This  derivation  does  not  repre¬ 
sent  a  satisfactory  result  for  several  reasons.  First  the  result  apparently 
assumes  uniform  plane  wave  illumination  of  the  wires.  In  the  interior  of  an 
aircraft  or  other  closed  system  where  the  wires  are  illuminated,  it  is  highly 
doubtful  that  the  fields  will  resemble  uniform  plane  waves.  Also  the  result 
was  obtained  by  considering  only  three  propagation  directions  and  polariza¬ 
tions  of  the  uniform  wave  and  taking  the  maximum  result.  Other  orientations 
were  not  considered.  An  attempt  was  made  by  McAir  to  provide  a  bound  on 
this  bound  by  determining  a  maximum  current  induced  as  though  this  wire 
above  ground  were  an  antenna  having  a  gain  of  unity  or  an  effective  area  of 
the  loop  formed  by  the  wires.  No  justification  was  provided  for  this  result. 

Thus  it  is  not  clear  that  the  f ield-to-wire  subroutine  provides  a 
measure  or  at  least  a  realistic  bound  on  this  coupling.  An  additional  prob¬ 
lem  with  this  subroutine  is  its  model  for  shielded  wires.  The  above  result 
for  currents  induced  in  unshielded  wires  is  multiplied  by  a  "shielding  effect¬ 
iveness  factor".  No  justification  was  given  in  [1]  for  this  factor.  It  is 
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suspected  that  this  was  obtained  by  using  certain  empirical  data  for  various 
shielded  wires  given  in  an  earlier  McAir  report  [30],  The  shielding  effect¬ 
iveness  factor  in  [1]  fits  the  empirical  data  in  [30],  However  the  empirical 
data  in  [30]  was  for  unilluminated  shields.  Whether  this  term  is  used  proper 
ly  in  FTWTFR  is  not  cle(ar.  The  shielding  effectiveness  in  [30]  appeared  to 
be  defined  as  the  ratio  of  the  incremental  current  on  the  outside  of  the 
shield  to  the  incremental  current  on  the  inside  of  the  shield.  Relating 
this  factor  (correctly)  to  the  f ield-to-wire  problem  is  not  as  straight¬ 
forward  as  implied  in  [1], 

Consequently  it  would  appear  that  the  f ield-to-wire  subroutine  should 
be  rewritten  and  the  models  placed  on  a  more  theoretically  sound  and  defens¬ 
ible  basis.  We  shall  do  this  in  later  sections. 

3. 1  The  Transmission  Line  Model 

The  problem  is  defined  in  Fig.  3-1  (a).  Two  wires  of  length  3t  and 
separated  by  a  distance  d  have  loads,  and  Z^.  An  incident  field  illumi¬ 
nates  the  line.  This  incident  field  need  not  be  a  uniform  plane  wave.  The 
electric  and  magnetic  field  intensities  of  the  incident  field  are  denoted 
by  and  H^,  respectively.  The  per-unit-length  model  of  the  line  is  shown 
in  Fig.  3-1  (b).  The  quantities  l  and  c  are  the  per-unit-length  inductance 
and  capacitance,  respectively,  of  the  line.  Note  that  the  total  quantity 
is  the  per-unit-length  quantity  multiplied  by  the  section  length,  Ax.  Two 
sources  induced  by  the  incident  field  are  present.  The  portion  of  the  per- 
unit-length  voltage  source 

d 

4>_  =  P  /  H1  dy  (3-1) 
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represents  the  per-unit-length  component  of  the  incident  magnetic  flux  normal 


to  the  line.  Multiplying  this  by  jooAx  gives  the  rate  of  change  of  the  total 
magnetic  flux  which,  by  Faraday’s  law,  is  representable  as  an  induced  emf. 
The  current  source 


jwce^Ax  =  jtoc 


d 


/ 

0 


E1  dy  Ax 
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(3-2) 


represents  a  displacement  current  induced  by  the  incident  electric  field 
to  flow  between  the  wires.  By  Ampere's  law  this  is  representable  as  an  in¬ 
duced  current  source. 

The  differential  equations  of  the  line  are  obtained  from  the  model  as 
Ax  -y  0  and  become 


dV(x) 

dx 


juifc  I(x)  =  (x) 


(3-3a) 


jwc  V(x)  =  -ja>cet(x)  (3-3b) 

The  exact  solution  of  these  coupled  differential  equations  with  the  terminal 
conditions: 


dl(x) 
d  x 


V (0)  =  -ZQ  1(0) 
vfcO  =  Z£i<£) 

incorporated  yields  the  terminal  currents  [23-28]: 

,  r  £  z 

1(0)  =  j  <  /  [cos  B#-t)  +  j  —  sin  8(^-t)  ]e£(x)dx 


[cos&£  +  J  r  sing(jflet(0) 


(3-4a) 

(3-4b) 


(3-5a) 
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I(£)  =  [cos  (3dC+  j  Sin  Bit]  1(0) 
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“  j  /  sin  B^-t)  e  (t)  dx 
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where 
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A  =  (ZQ  +  Z^)  cos  &L+  j  (Rc  +  -|^)  sin  (^0  (3-6a) 

c 

d  . 

e  (0)  =  /  E-J  (0,  y)  dy  (3-6b) 

0  y 

d  . 

et(*)  =  /  E*  «  y)  dy  (3-6c) 

0  y 

e  (x)  =  E*  (x,  d)  -  E l  (x,  0)  (3-6d) 

X/  X  X 


(3-6e) 


(3-6f) 


is  the  line  characteristic  resistance. 

This  model  has  been  compared  to  results  computed  by  a  method  of  moments 
code  in  [27,  28]  and  to  experimental  results  in  [29]  and  found  to  be  an 


accurate  representation  of  the  line.  However  this  model  of  the  simplest 
possible  configuration  (two  wires)  does  not  yield  simple  results  for  the  ter 


minal  currents.  It  is  as  difficult  to  produce  bounds  on  this  result  as  it 
was  to  produce  bounds  on  the  simplest  case  of  crosstalk  in  the  previous 
chapter. 


To  illustrate  this  let  us  assume  matched  loads  =  R^,.  (Results 

for  an  unmatched  line  should  be  no  simpler  than  for  a  matched  line).  In  this 
case,  (3-5)  reduce  to 

I(0)  =  2R ~  {  t  e"jeT  efc(x)  dT  +  6t(0)  "  e~j6*etW}  (3-7a) 
c  0 

I«)  =  2R~  {  /^e"Je^"T)e)l(T>  dT  +  e_je/  et(0)  -  et^)}  (3"7b) 
c  0 

In  order  to  produce  bounds,  we  must  specify  the  structure  of  the  incident 
field.  For  illustration  let  us  suppose  that  the  incident  field  is  a  uniform 
plane  wave  described  by  [26] 


.  .  .  .  -]B(y  x  +  y  y  +  Y  z) 

E1  =  [E1  a  +  E1  a  +  E1  a  ]  e  X  y  z 
xx  y  y  z  z 


(3-8) 


where  y^,  y  ,  are  the  direction  cosines  of  the  propagation  vector.  Since 

E1  contributes  nothing  to  induced  currents  and  z  =  0  we  assume 
z 


E  =  [E  a  +  E  a  ]  e 
x  x  y  y 


-j3(y  x  +  y „y) 


(3-9) 


Substitution  into  (3-7)  yields  the  following  results  for  the  magnitudes  of 
the  induced  currents: 


jm  .  .  sin(y  Bd/2)  sin[(l+y  )Botf2] 

1 1  (0)1  =  —•  3  (1+y  )E1  -  y  E1  — T~irrr>r  - — — - 

2RC  x  y  y  X  (yy3d/2)  (l+y^^C/2 


(3-10a) 
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( 3— 10b) 


I1**!  '^6 


(y  -de1  -  y  e1 

x  y  y  x 


sin(Y  Sd/2) 
(YySd/2) 


sin[(l-Yx)BjC'2] 
(1-Y  )B*/2 


Note  that  the  above  results  for  the  magnitudes  of  the  induced,  terminal 
currents  (for  matched  loads)  have  been  placed  in  the  following  form: 


I  =  Kf 


sin(7iT^f  ) 

sin(TrT2f  ) 

TIT,  f 

TIT  „  f 

1 

2 

If  we  convert  this  to  decibel  form  we  have 


(3-11) 


1 1 1 dB  =  20  lo%0  (III) 


=  20  log1Q  (K)  +  20  log1()  (f) 


(3-12) 


+  20  log 


10 


( 


sin(irt^f) 
tit  ^f 


sin(7rx2f) 

"V 


) 


This  can  be  plotted  as  shown  in  Fig.  3-2(a)  in  a  log-log  or  Bode  plot  format. 

Note  that  t-he  latter  term  in  (3-12)  is  the  familiar  spectrum  of  a  trapezoidal 

pulse  having,  for  example,  a  rise  time  of  T2  and  a  pulse  width  (between  50% 

points)  of  x^.  Although  the  actual  spectrum  has  nulls,  one  can  bound  the 

peaks  with  three  segments  as  shown  in  Fig.  3-2 (a).  Suppose  .  The 

1 


first  segment  has  a  slope  of  0  dB/decade  out  to  f  = 


ITT, 


Then  the  slope 


becomes  -20  dB/decade  out  to  f  = 


7TT  r 


After  this  the  slope  is  -40  dB/decade. 


On  the  log-log  or  Bode  plot,  one  can  simply  add  the  three  sketches  which  com¬ 
prise  (3-12)  as  shown  in  Fig.  3-2  (b).  This  shows  that  a  maximum  occurs 

In  fact,  it  can  be  easily  shown  that  the  maximum  occurs 


between  — —  and  ^ 


TIT 


1 


ITT. 


at  the  geometric  mean  of  the  two  break  frequencies 
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f 

max 


tt/t 


1X2 


(3-l'3) 


Now,  returning  to  our  original  problem,  observe  that  (3-10)  and  (3-11)  are 
of  the  same  form.  For  a  given  orientation  of  the  incident  field,  namely,  for 
Y^,  Yy>  E^,  E^,  one  can  determine  the  frequency  at  which  maximum  coupling  oc¬ 
curs  to  the  line  by  constructing  the  Bode  plots  shown  in  Fig.  3-3.  One  should  be  re¬ 
minded  that  this  is  not  a  "tight"  bound  on  the  actual  coupling  since,  for 

s  in  x 

ease  of  plotting,  we  have  bounded  the  product  of  the  two  — — —  terms  as 
shown  in  Fig.  3-2  (a). 

In  the  previous  development  we  have  seen  how  truly  complicated  this 
seemingly  simple  problem  is.  We  were  only  able  to  bound  the  result  when  the 
loads  are  matched.  In  actual  cables,  not  only  will  we  have  more  than  two 
wires  but  it  is  highly  doubtful  that  the  loads  will  be  matched  to  the  line 
characteristic  impedance.  (For  example,  consider  a  power  transmission  cir¬ 
cuit.)  If,  however,  we  relax  this  requirement  of  matched  loads,  the  result 
becomes  very  complicated  even  for  a  well-defined,  uniform  plane  wave  excita¬ 
tion.  In  an  actual  system  not  only  will  the  line  loads  probably  not  be 
matched  but  we  will  probably  not  have  uniform  plane  wave  excitation  of  the 
line.  Even  if  we  did,  there  is  not  enough  information  in  the  IEMCAP  data 
input  to  determine  the  direction  of  propagation  relative  to  the  line  or  the 
polarization  of  the  incident  field  relative  to  the  line.  Consequently  it 
seems  more  reasonable  to  develop  simple  models  which  speed  computation  time 
and  have  accuracies  consistent  with  the  accuracy  of  other  models  in  the  code. 
Such  a  proposed  model  is  the  subjec!  of  the  next  section. 
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3.2  A  Proposed,  Low-Feequency,  Field-to-Kiye  Model  for  1EMCAF  for  Unshielded. 

Untwisted  Wires 

In  developing  this  model  we  must  keep  in  mind  the  available  data.  The 
IEMCAP  provides  (via  user  input  or  simple  calculations)  the  electric  field 
in  the  vicinity  of  a  cable  bundle  segment.  This  field  level  arises  from  one 
of  several  sources.  The  user  specifies  two  environmental  field  levels  - 
the  internal  environmental  field  and  the  external  environmental  field.  These 
are  specified  by  providing  up  to  90  frequencies  and  the  associated  electric 
field  levels  at  those  frequencies.  If  only  the  external  field  is  specified, 
the  internal  field  levels  default  to  40  dB  below  the  corresponding  external 
field  levels.  If  only  the  internal  field  is  specified,  the  external  field 
defaults  to  40  dB  above  that. 

The  coupling  to  cable  bundle  segments  is  computed  for  each  segment  and 
the  contributions  added  to  yield  the  composite  coupling  (induced  current)  at 
a  port  connected  to  these  two  wires  (or,  strictly  speaking,  wire  with  ground 
plane  return).  Coupling  to  wire  segments  from  external  fields  (either  exter¬ 
nal  environmental  fields  or  antenna  generated  fields)  occurs  over  a  bundle 
segment  only  if  that  bundle  segment  is  exposed  to  an  aperture.  If  the  seg¬ 
ment  is  exposed  by  an  aperture,  the  electric  field  over  the  portion  of  the 
line  length  equal  to  the  aperture  length  is  computed  from  the  antenna  via 
the  Friis  transmission  equation  in  subroutine  ACTFER  and  from  the  specified 
external  environmental  field  in  subroutine  ENVIRN.  Both  contributions  are 
used  in  the  FTWTFR  subroutine  to  generate  the  induced  currents.  If  the 
segment  is  exposed  via  an  aperture,  no  internal  environmental  field  coupling 
is  computed.  If  the  segment  is  not  exposed  via  an  aperture,  only  internal 
environmental  fields  produce  the  incident  electric  field  at  the  segment  and 
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in  this  case  the  field  illuminates  the  entire  bundle  segment. 

In  any  case,  subroutines  ENVIRN  and  ACTFER  provide  the  incident  electric 
field  (and  length  of  illumination  of  the  segment)  to  subroutine  FTWTFR  which 
then  computes  the  contribution  to  induced  port  currents  over  this  segment  via 
the  above  model  theory.  Thus  we  will  concentrate  on  subroutine  FTWTFR  and  its 
available  input  data. 

Note  that  the  available  input  data  to  FTWTFR  is  the  incident  electric 
field  in  the  vicinity  of  this  bundle  segment  (and  the  length  of  the  illumin¬ 
ated  segment  is  the  aperture  length  in  the  case  of  aperture  illumination). 

We  have  no  information  on  (1)  the  structure  of  the  field  nor  (2)  its  polar¬ 
ization,  etc.  However,  to  accurately  determine  induced  currents  via  the 
above  transmission  line  model  (or  even  bound  the  results  with  reasonable 
bounds)  we  must  have  considerably  more  information  than  this. 

To  illustrate  how  important  this  information  can  be,  we  have  shown 
experimental  results  reported  in  [29]  in  Fig.  3-4,  3-5,  3-6.  The  experiment 
is  shown  in  Fig.  3-4.  It  consists  of  a  #20  gauge  wire  mounted  5  mm  above  a 
ground  plane.  The  length  of  the  wire  is  25  cm  and  a  uniform  plane  wave  at  a 
frequency  of  1.2  GHz  illuminates  the  line.  Thus  the  line  length  is  one  wave¬ 
length.  The  line  is  terminated  at  both  ends  in  50  ft  (R  =  192  ft) .  The 

v 

induced  currents  for  parallel  and  normal  polarization  are  shown  for  parallel 
polarization  in  Fig.  3-5  and  for  normal  polarization  in  Fig.  3-6.  Note  the 
sensitivity  of  the  response  to  the  direction  of  propagation  relative  to  the 
lino  axis.  This  clearly  shows  that  unless  one  has  precise  information  on 
the  incident  field  (and  a  carefully  controlled  line)  one  has  little  hope  of 
accurate  predictions. 

fn  light  of  the  available  data  for  the  FTWTFR  subroutine  and  the  above 


Normal  Polarization  8  =  60 


Fig.  3-6 


Predictions  of  the  model  for  normal  polarization  andc^=  25 
k  -  5  mm,  f  =  1.2  GHz,  6  =  60°. 


cm 


points,  we  propose  the  following  model  for  unshielded,  untwisted  wires. 

The  model  is  arrived  at  by  reconsidering  the  per-unit-length  model  shown  in 
Fig.  3-1  (b).  First  we  assume  that  the  line  is  electrically  short  and  re¬ 
place  Ax  withal;  that  is,  we  lump  the  distributed  sources.  This  is  shown  in 

Fig.  3-7  (a).  Next  we  assume  that  the  fields  H*  and  E*  are  independent  of 

z  y 

the  y  direction.  Thus 


/  H1  d 


z  y 


=  U  H  h 
z 


.  =/ Vd 

t  J  y  y 


=  E1  h 


This  modification  is  shown  in  Fig.  3-7(b). 
other  information,  we  assume 

E1 

H1  = 
z  n 


where  n  is  the  wave  impedance.  We  assume 


(3-14a) 


(3-14b) 

And  finally,  in  the  absence  of  any 


(3-15) 


0  =  377  (3-16) 

and  E1  =  E1  is  the  incident  electric  field  provided  to  FTWTFR.  The  reduction 

y 

is  shown  in  Fig.  3-7  (c)  where  we  have  used  the  following  facts: 


where 


1 

v 


v 


3  x  108 


(3-17) 


(3-18) 


where  the  line  characteristic  resistance  is 


R  -  60  t„  (f!l) 

x  W  • 

and  r  is  the  wire  radius . 
w 

Note  that  a  voltage  source  is  induced: 

,i  .  a)  .  „i 
V  =  -  -  A  E 
v 

where  A  is  the  area  of  the  loop: 

A  =  haC 

and  a  current  source  is  induced 


(3-20) 


(3-21a) 


(3-21b) 


I1  =  V1/Rc  (3-21c) 

These  observations  will  be  important  in  later  adaptations  of  this  basic  model 
to  twisted  and/or  shielded  wires. 

There  are  two  contributions  to  the  induced  currents  as  was  the  case  for 
wire-to-wire  coupling.  The  voltage  source  represents  magnetic  field  effects 
and  may  be  viewed  as  an  "inductive  coupling"  contribution,  whereas  the  current 
source  represents  electric  field  effects  and  may  be  viewed  as  a  "capacitive 
coupling"  contribution.  We  add  the  magnitudes  of  these  contributions  and 


obtain 


where 


m 


a)  A 
v 


(3-2 2b) 


(3-22c) 


It  is  rather  interesting  to  note  that  this  is  precisely  the  same  as 
the  present  model  in  FTWTFR  over  the  low-frequency  range  where  the  response 
varies  linearly  with  frequency  which  was  apparently  derived  using  a  different 
rationale. 

The  difference  is  in  the  bounds  imposed  on  the  model.  In  light  of  the 
expected  accuracies  of  IEMCAP,  both  in  expected  predictions  and  in  available 
input  data,  and  in  view  of  the  lack  of  information  provided  to  FTWTFR,  we 
propose  that  the  bound  for  this  model  be  set  at  the  induced  currents  which 
would  result  from  this  line  collecting  the  maximum  power  from  an  incident 
wave.  If  we  use  the  actual  loop  area  to  be  the  effective  area: 

A  =  h©£  (3-23) 

e 

The  maximum  average  power  collected  from  a  passing  uniform  plane  wave  would 


be 


P 

max 


1  E_ 

2  377 


1  E 
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2  377 


A 
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(3-24) 


Assuming  the  dimensions  to  be  electrically  small,  define  the  line  voltage  V 

raa: 


such  that 


(3-25) 


max 


max  2  Z 


O' 


lZX 


(We  assume  the  loads  to  be  purely  resistive  as  is  done  in  IEMCAP.)  Thus  the 
load  currents  would  be 

V 


1(0) 


'max 


max 


J0 


=  E 


Zd£  ho£ 

Vzo  +  z^  377 


(3-26a) 


1 1 40 


max 


max 


=  E 


(3-26b) 


0  h<g 

^zo  +  ^>  377 


The  resulting  model  is  shown  in  Fig.  3-8.  These  predictions  were  com¬ 
pared  to  results  computed  by  the  exact  model  and  a  method  of  moments  code 
which  were  given  in  [28]  for  uniform  plane  wave  excitation  and  various  angles 
of  incidence,  polarization  and  terminal  impedances.  In  the  low-frequency 
regions  the  results  compared  within  6  dB.  In  all  cases,  this  model 
bounded  those  predictions.  The  maximum  "overprediction”  was  on  the 
order  of  20  dB  whereas  most  bounds  were  within  6  dB  of  the  actual 


maxima. 


The  present  version  of  FTWTFR  contains  a  similar  bound  [1]: 

1  ICO 


max 

UJ 

_ 

'max 


(3-27) 


/377  Z^ 

Although  no  derivation  or  justification  of  this  was  given  in  [1],  it  seems 
that  the  following  would  be  a  logical  procedure  to  arrive  at  this  result. 
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Suppose  we  assume  the  wire  with  ground  to  be  a  collecting  aperture  with  effec¬ 
tive  area  Ag.  Thus  from  an  incident  uniform  plane  wave,  the  collected  aver¬ 


age  power  would  be 


p-4  E 


2  377  e 

If  all  of  this  collected  power  is  delivered  to  one  of  the  loads  then 

p.i  |i«)|2Zv 


and 


Now 


IW  =  E 


A  =  7-  G 
e 


.  /r 

1  e 


</377  Z. 


(3-28) 


(3-29) 


(3-30) 


(3-31) 


I f  we  assume  the  gain  to  be  unity,  G  =  1,  then  A^  =  \  /4tt.  On  the  other 

hand  if  we  assume  the  maximum  aperture  to  be  the  physical  aperture  then  A  = 

6 

A.  Thus  the  present  result  in  FTWTFR  in  (3-27)  appears  to  have  been  derived 
from  this  process.  However  there  are  two  fundamental  errors;  not  all  of  the 
collected  power  is  delivered  to  only  one  of  the  two  loads  (thus  (3-29)  is  in¬ 
correct)  and  the  maximum  aperture  is eCh  and  not  oC  as  (3-27)  implies.  Thus 
the  proposed  bound,  (3-26),  seems  to  be  consistent  with  the  previous  philosophy 
and  corrects  errors  apparent  in  that  derivation. 

3.3  Unshielded,  Twis ted  Pairs 

We  use  a  philosophy  similar  to  the  wire-to-wire  model  for  this  case; 
we  only  consider  induced,  differential  mode  signals.  First  consider  the 
case  of  an  unbalanced,  twisted  pair.  We  model  the  line  as  a  sequence  of 
alternating  loops  as  shown  in  Fig.  3-9  (a).  We  then  compute  the  induced 
sources  in  the  line  as  in  the  previous  section  with  the  exceptions  that  (1) 
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(h+A)  P 
vRc  2 


the  (bundle)  height  above  ground,  h,  in  that  model  is  replaced  by  the  height 
of  each  wire  above  ground,  h+A  and  h-A  where  A  =  d/2  and  d  is  the  wire 
separation,  (2)  the  characteristic  resistance  of  each  line  above  ground  is 

Rc  =  60  S.n 

where  r  is  the  wire  radius, 
w 

where  P  is  the  pitch  of  the  twisted  pair.  (We  assume  exact  cancellation  for 
an  even  number  of  half  twists.)  The  result  is  shown  in  Fig.  3-9  (b) .  From 
this  we  obtain 
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2 (h±A)  \ 

and  (3)  the  line  length,  <£,  is  replaced  by  P/2 
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(3-33b) 


Note  that  the  inductive  coupling  is  the  same  as  the  single  wire  case  except 
that  the  height  above  ground  is  replaced  by  the  wire  separation  and  the  line 
length  is  replaced  by  P/2.  The  capacitive  coupling  is  the  same  as  the  single 
wire  case  except  that  the  line  length  becomes  P/2.  (Note  that  the  induced 
current  source  attached  to  the  ground  wire  has  no  effect.)  Similarly 
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(3-34a) 


\l#)\  =  |l(rf)|IND+  |l(^.)|CAP  (3-34b) 

Note  that  the  induced  sources  in  the  single  wire  above  ground  model 

are  equivalent  to  those  here  where  the  loop  area  is  A  =  d  P/2  and  the  charac¬ 

teristic  resistance  is  twice  that  of  a  single  wire  above  ground. 

The  bound  on  this  result  is  similar  to  the  bound  for  the  previous  case  of 

one  wire  above  ground  and  is  derived  in  a  similar  fashion  treating  the  loop 

area  between  the  wires  as  an  antenna: 


(3-35a) 


(3-35b) 


The  balanced  twisted  pair  case  is  treated  similarly.  We  model  the 
balanced  twisted  pair  case  as  a  sequence  of  abrupt  loops  as  shown  in  Fig. 
3-10  (a).  At  this  point  we  need  to  define  what  is  meant  by  "induced  cur¬ 
rents".  At  the  left  end  we  may  define  induced  currents  1^(0)  and  12(0)  as 
shown.  Normally  the  received  voltage  V(0)  is  related  to  the  difference  of 
these  two  induced  currents  as 


V (0)  =  ZqII^O)  -  x2(0)  ] 

Thus  it  seems  reasonable  that  the  induced  currents  would  be  the  differences 

1(0)  =  I1(0)  -  I2(0)  (3-36a) 

!(/)  =  1^)  -  I2(*)  (3-36b) 


In  order  to  determine  the  induced  sources,  we  again  treat  each  wire 
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Fig.  3-10.  The  balanced,  twisted  pair  model 


above  ground  separately.  One  wire  is  at  height  h+A  above  ground  and  the 
other  wire  is  at  height  h-A  above  ground  where  h  is  the  bundle  height  and  A 
is  one-half  the  wire  separation.  The  resulting  model  is  shown  in  Fig.  3-10 
(b)  and  is  based  on  the  one-wire-above-ground  model  in  Fig.  3-7  (c)  where 
„  _  ( Ii+a\ 
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From  this  result  we  obtain 
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Note  that  the  inductive  coupling  is  the  same  as  for  the  unbalanced  case 


Similarly 
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Again  the  induced  sources  are  equivalent  to  the  single  wire  above  ground  case 
except  that  the  loop  area  A  and  the  characteristic  resistance  R  are  differ- 
ento 


The  bounds  on  these  currents  are  computed  from  the  difference  of  the 
bounds  on  the  currents  in  each  line: 
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3.4  Shielded  Wires 

In  this  section  we  address  the  effect  of  a  shield  on  the  f ield-to-wire 
coupling.  The  three  cases  are  shown  in  Fig.  3-11  where  the  shield  may  be 
either  a  single  or  a  double  shield.  As  with  wire-to-wire  coupling,  we  must 
address  the  effect  of  pigtails.  (This  is  not  addressed  in  the  current  FTWTFR 
subroutine.)  In  a  fashion  similar  to  wire-to-wire  coupling,  we  will  super¬ 
impose  the  f ield-to-wire  coupling  contributions  over  the  pigtail  sections  and 


over  the  shielded  sections.  The  pigtail  coupling  over  the  pigtail  sections 
is  addressed  via  the  unshielded  line  models  of  the  previous  sections  and 
using  line  lengths  of  2 «£  for  single  wires  and  min  {2*^,  P/2}  for  twisted 
pairs  where  <^p  is  the  pigtail  length  and  P  is  the  pitch  of  the  twisted  pair. 
We  now  address  the  coupling  to  the  shielded  section. 

First  consider  the  case  of  a  shielded,  single  wire  shown  in  Fig.  3-12 
(a).  The  shield  length  is  denoted  as  <^s  =  4  -  24  )  and  the  height 

above  ground  is  denoted  as  h,  the  bundle  height.  The  philosophy  here  is 
similar  to  the  wire-to-wire  case.  We  insert  the  induced  sources  and  compute 
the  induced  currents.  If  a  shield  is  grounded  at  least  at  one  end,  we  re¬ 
move  the  induced  current  sources,  i.e.,  the  analogous  capacitive  coupling  is 
taken  to  be  zero.  Similarly,  a  shield  affects  the  "inductive  coupling"  only 
if  the  shield  is  double-end  grounded.  Otherwise,  the  shield  is  assumed  to 
have  no  effect  on  the  unshielded,  inductive  coupling.  Thus  for  a  double-end 
grounded  shield,  the  unshielded  result  is  corrected  by  multiplying  the  in¬ 
duced  voltage  source  by  the  shielding  factor 


S  = 


SH 


JSH 


+  ju)L 


(3-43) 


where  the  shield  self  impedance  is  Z  and  the  self  inductance  of  the  shield 

SH 

above  ground  is 


ls  =  I7  £n 


(3-44) 


where  r  is  the  shield  inner  radius  and  t  is  the  shield  thickness, 
s  s 

These  results  can  be  derived  in  two  ways.  First  consider  the  equivalent 


circuit  in  3-12  (c).  The  incident  field  is  assumed  to  induce  V  in  the  two 
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loop  areas  bounded  by  the  inner  wire  and  bounded  by  the  shield.  A  shield 
current  is  induced  to  flow  which  interacts  with  the  interior  wire-ground 
plane  loop  to  induce  another  contribution.  From  the  circuit  of  Fig.  3-12 
(c)  one  can  write 

(Z  +  Z^)I  +  jojMIg  =  V1  (3-45a) 

(ZSH  +  >Ls)Is  +  juMI  =  V1  (3-45b) 

Solving  yields 

[(ZQ  +  Z^)  -  jwM] I  =  [(ZgH  +  jwLg)  -  jwM]Ig  (3-46) 


or 


(Z„  +  Z,)  " 

I  = _ 2 _ - —  ! 

s  (Z  +  jwL  )  -  j0)M 


(3-47) 


Substituting  (3-47)  into  (3-45a)  gives 


I  = 


ZSH  +  J“<LS  '  M) 


<Z0  +  =*>  <ZSH  +  luLS>  +  “2  “2 


(3-48) 


Noting,  as  was  the  case  for  wire-to-wire  coupling,  that  the  self-inductance 
of  the  shield  above  ground,  Lg,  and  the  mutual  inductance  between  the  shield 
and  the  inner  wire,  M,  are  one  and  the  same,  we  obtain,  neglecting  the  higher 
order  term  u^M, 
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SH 


<z0  + 


ZSH  +  J“LS 


(3-49) 


Thus  the  unshielded  magnetic  field  coupling  is  modified  by  multiplying  by  the 
shielding  factor  in  (3-43).  Note  that  this  result  requires  a  nonzero  shield 
current  .  This  will  occur  only  if  the  shield  is  double-end  grounded. 
Otherwise  the  shielding  factor  is  unity. 

An  alternative  derivation  of  this  result  is  obtained  from  Fig.  3-13  (a). 
We  first  assume  that  the  terminations  are  completely  housed  within  the  shield 
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and  do  not  connect  directly  to  the  ground.  In  this  case  the  induced  source, 
V1,  lies  only  in  the  shield-ground  plane  loop.  The  induced  shield  current 
is  then 


I 

s 


zs  +  ja)Ls 


(3-50) 


The  effect  of  this  shield  current  is  passed  through  the  shield  via  the  shield 


surface  transfer  impedance,  Z^, 
interior  surface  of  the  shield. 


I  = 


Vs 
zo  +  z^ 


resulting  in  a  voltage  source  induced  on  the 
Z  I  [11].  This  produces  the  induced  current  I: 

i.  3 


(3-51) 


z0  +  z<£  zs  +  jtoLs 

Note  that  for  a  sufficiently  small  frequency  such  that  the  shield  wall  thick¬ 
ness  is  less  than  a  skin  depth.  The  shield  and  transfer  impedances  are  approxi¬ 
mately  equal,  i.e.. 


ZT  =  ZSH  (3"52> 

Thus  (3-51)  and  (3-49)  are  equivalent.  We  shall  presume  (3-52)  to  be  true. 

For  balanced  or  unbalanced  twisted  pairs  we  presume  a  shield,  regard¬ 
less  of  its  grounding  conf  igurat ion,  to  have  no  effect  on  inductive  coupling. 
The  reason  is  the  same  as  for  the  wire-to-wire  coupling  case;  no  net  induced 
current  returns  through  the  ground  plane  for  these  ideal  configurations. 

Thus  the  magnetic  flux  produced  by  the  shield  current  has  no  counteracting 
effect.  Thus  the  shielding  factors  apply  only  for  single  wires  with  shields 
that  are  double-end  grounded.  If  the  shield  is  ungrounded  it  is  assumed  to 
have  no  effect. 

This  simplifies  the  models  considerably.  We  simply  multiply  the  un- 
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shielded  results  by  the  various  shielding  factors  which  were  developed  for 
the  wire-to-wire  case.  The  only  area  left  to  be  addressed  is  the  bound. 

For  the  unshielded  case,  the  induced  currents  increased  linearly  with  fre¬ 
quency.  For  the  shielded  case,  the  induced  currents  also  increase  linearly 
with  frequency  so  long  as  no  shield  is  double-end  grounded.  If  only  one 
shield  is  double  end  grounded,  the  unshielded  result  is  multiplied  by  the 
shielding  factor  in  (3-43)  in  which  case  the  resulting  induced  currents  in¬ 
crease  with  frequency  up  to  a  frequency  at  which  Z  =  wL  .  Above  this 

on  o 

frequency  the  induced  currents  remain  constant.  If  both  shields  are  double¬ 
end  grounded,  the  unshielded  result  is  multiplied  by  the  inner  and  outer 
shield  shielding  factors,  and  S^,  as  was  the  case  for  wire-to-wire  coup¬ 
ling.  Above  a  certain  frequency,  the  coupling  will  decrease  linearly  with 
and  increase  in  frequency  (-20  dB/decade).  Thus  we  need  to  be  concerned 
about  limiting  the  uncontrolled  increase  of  coupling  with  frequency  only  in 
the  case  that  no  shield  is  double-end  grounded.  But  in  this  case,  we  re¬ 
duce  to  the  unshielded  result  (with  or  without  the  capacitive  coupling  in¬ 
duced  source  depending  on  whether  the  shield  is  ungrounded  or  single-end 
grounded).  We  developed  a  bound  for  this  previously  and  will  use  that  bound 
here. 

3.5  Branched  Cables 

Our  philosophy  for  handling  branched  cables  is  identical  to  that  for 
wire-to-wire  coupli  g;  we  will  superimpose  the  coupling  contributions  to  the 
wire(s)  in  question  from  those  of  each  branch  segment  through  which  the  wire 
runs. 

The  current  version  of  IEMCAP  does  this  presently.  The  only  addition 
needed  will  be  to  add  pigtail  contributions  which  is  not  presently  done. 
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3.6  Pigtails 


Pigtail  coupling  is  treated  as  an  unshielded  section.  Thus  we  will 
need  to  pass  to  the  FTWTFR  subroutine,  parameters  for  the  bundle  segment  in 
question,  the  parameters  TRENDS  (indicating  whether  a  pigtail  is  present  at 
0,  1  or  both  ends  of  this  segment)  and  PIGR  (the  lengths  of  pigtails  speci¬ 
fied  by  the  user  for  this  shielded  wire). 

Once  these  parameters  are  passed  to  FTWTFR,  we  can  compute  the  sum  of 
the  shielded  section  and  pigtail  section  coupling  for  each  bundle  segment. 
Then  we  select  the  minimum  of  this  induced  current  and  the  bound  for  the 
unshielded  case  to  be  the  coupling  over  this  segment.  The  total  current  in¬ 
duced  at  a  port  is  then  the  sum  of  the  induced  currents  associated  with  each 
bundle  segment  through  which  this  wire  passes. 

3 . 7  The  FTWTFR  Subroutine  Revision 

The  revision  of  the  FTWTFR  subroutine  is  detailed  in  Appendix  C  along 
the  lines  of  the  discussion  in  the  previous  sections.  The  details  are  con¬ 
siderably  simpler  than  for  WTWTFR  since  we  need  not  consider  the  possible 
combinations  of  adjacent  wire  ty'us  as  we  did  in  WTWTFR. 

The  bound  will  be  calculated  for  each  segment  and  the  magnitudes  of  the 
induced  currents  will  be  added  (outside  FTWTFR)  for  all  segments  through 
which  this  wire  passes.  The  segment  exposure  length  will  be  determined  by 
whether  the  segment  is  exposed  to  an  aperture  or  not  as  described  previously 
and  is  presently  done  in  FTWTFR. 


94 


IV.  System  Perturbations 

Modern  avionics  systems  are  structurally  far  from  the  ideal  assumed  by 
IEMCAP.  For  example,  cable  bundles  do  not  always  maintain  the  same  height 
above  the  ground  plane  (fuselage).  Furthermore,  aircraft  structural  ribs 
appear  at  periodic  intervals  along  the  bundle  between  the  bundle  and  the 
ground  plane  [31],  Hydraulic  lines  (which  are  "grounded"  cylinders)  also 
pass  near  these  cable  bundles.  Also  cable  clamps  are  used  at  periodic  in¬ 
tervals  along  the  bundle  to  secure  it  to  the  fuselage  [32], 

The  essential  question  regarding  the  IEMCAP  models  is  whether  these 
"system  perturbations"  need  to  be  included  in  the  wire-to-wire  and  field- 
to-wire  models.  There  are  two  questions  to  be  answered  in  this  regard.  For 
the  anticipated  frequencies  and  dimensions  of  interest,  do  these  system 
perturbations  significantly  effect  the  wire-to-wire  and  f ield-to-wire 
coupling?  If  the  answer  to  this  question  is  yes  then  we  need  to  answer  the 
next  question:  Will  the  inclusion  of  models  of  these  perturbations  into  the 
wire-to-wire  and  f ield-to-wire  coupling  subroutines  change  the  predictions 
of  these  models  significantly  and  if  so,  will  the  predictions  be  more  accur¬ 
ate?  This  latter  question  is  particularly  important  to  answer.  Even  though 
these  system  perturbations  may,  in  actuality,  significantly  influence  the 
wire-to-wire  and  f ield-to-wire  coupling,  the  present  models  in  IEMCAP  may 
not  be  sufficiently  complex  to  allow  these  effects  to  be  modeled.  For  ex¬ 
ample,  it  is  known  that  perturbations  placed  periodically  along  a  transmission 
line  can  cause  pass  bands  and  stop  bands  to  appear  in  the  signal  transmission 
properties  of  the  line  [33,  34],  The  effects  of  these  periodically-placed 
perturbations  generally  only  occur  for  frequencies  where  the  line  is  elec- 
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trically  long  [33].  For  these  frequencies,  the  wire-to-wire  and 
f ield-to-wire  models  presently  included  in  IEMCAP  and  suggested  for  re¬ 
vision  in  this  document  only  provide  a  course  bound.  So  it 
appears  that  even  though  these  perturbations  can  cause  significant  effects, 
it  will  do  little  good  to  include  models  of  these  perturbations  in  the  wire- 
to-wire  and  f ield-to-wire  subroutines  jas  they  are  now  constituted.  If  one 
wishes  to  model  these  effects,  an  entirely  different  model  philosophy  from 
that  presently  employed  (or  suggested  here)  must  be  employed,  e.g.  a  distri¬ 
buted  parameter  or  multiconductor  transmission  line  model. 

The  present  philosophy  of  IEMCAP  rules  out  this  detailed  modeling.  Any 
such  detailed  modeling  is  reserved  for  off-line  models  in  the  IAP.  Perhaps 
there  is  a  need  to  revise  those  IAP  models  (which  are  basically  distributed 
parameter  transmission  line  models)  to  include  these  perturbations.  This 
would  seem  to  be  the  most  reasonable  course  of  action. 

A  survey  of  IEMCAP  users  was  conducted  in  the  summer  of  1982.  A 
questionnaire  was  mailed  to  over  35  users  to  obtain  their  suggestions  for 
additional  perturbations  to  be  considered  for  modeling.  Only  2  were  returned 
Those  two  suggested  cable  trays  and  junction  boxes  as  perturbations 
to  be  modeled  as  well  as  other  functional  revisions  not  addressed  in  this  re¬ 
port.  Based  on  conversations  with  industry  and  the  author's  observations 
we  will  investigate  the  following  non-ideal  system  perturbations: 

(1)  structural  ribs  [31] 

(2)  cable  clamps  [32] 

(3)  hydraulic  lines 

(4)  cable  trays 

(5)  bulkhead/disconnect  penetrations 


(6)  junction  boxes. 

4.1  Structural  Ribs 

Coen,  Liu  and  Tesche  have  modeled  the  effect  of  a  structural  rib  in  [31] 
Their  model  consists  of  a  capacitance  between  the  wire  and  ground  plane  at 
the  point  of  discontinuity  as  shown  in  Fig.  4-1.  No  closed  form  expressions 
for  this  equivalent  capacitance  were  obtained  and  numerical  solutions  had  to 
be  used.  Curves  of  numerical  results  for  various  ratios  of  wire  radius  to 
wire  height  above  ground,  a/b,  and  rib  height  to  height  of  the  wire  above 
ground,  h/b,  were  given.  These  were  given  in  terms  of  the  ratio  of  the  rib 
capacitance  CR  to  the  product  of  the  unperturbed  line  capacitance  c  and  the 
height  of  the  wire  above  ground: 


be 


From  those  results  we  can  obtain  estimates  of  the  effects  of  ribs  for  low 
frequency  line  behavior. 

As  an  example,  consider  a  #20  gauge  wire  (a  =  16  rails)  suspended  a 
height  of  3  inches  above  the  fuselage  (b  =  3").  Suppose  the  rib  height  is 
2.5"  (h  =  2.5").  The  per-unit-length  capacitance  of  the  unperturbed  line  is 

27reo 

S.n(2b/r  ) 
w 

=  9.373  pF/m 

From  the  results  in  Fig.  6  of  [31]  we  obtain 


Thus 

CR  =  .107  pF 

If  we  model  the  line  with  a  Tee  network  (valid  for  electrically  short 


lines)  and  include  the  rib  capacitance  (assuming  it  is  located  at  the  mid¬ 
point  of  the  line)  we  obtain  the  circuit  shown  in  Fig.  4-2  [3],  Note  that 
the  total  line  to  ground  capacitance  is 


CT  =  CR  +  C<^  pF 

=  .107  +  9. 373«C  pF 

The  rib  capacitance  equals  the  unperturbed  line  capacitance  for  a  line  length 
of  .023  m  or  approximately  1/2  inch.  Of  course  this  same  analysis  can  be  ap¬ 
plied  to  sections  of  the  line  between  adjacent  ribs.  Thus  if  the  separation 
between  adjacent  ribs  is  greater  than  1/2  inch,  their  effect  on  behavior  of 
electrically  short  lines  should  be  negligible.  Certainly  then  the  effect  of 
the  rib  is  inconsequential  in  any  low  frequency  model  for  these  dimensions. 

It  is  difficult  to  make  any  general  conclusions  for  the  effect  of  ribs 
on  an  electrically  short  line  but  the  above  dimensions  seem  reasonable  and 
typical.  Consequently  Tt  does  not  appear  that  structural  ribs  will  signifi¬ 
cantly  affect  the  behavior  of  electrically  short  lines  where  the  models  of 
IEMCAP  are  valid.  The  effect  of  ribs  on  the  high  frequency  behavior  (where 
the  line  is  electrically  long)  will  be  investigated  in  a  later  section. 

Some  experimental  work  on  the  effect  of  ribs  is  contained  in  [37],  A 

6.1  m  line  was  suspended  above  a  ground  plane.  The  cable  was  apparently  an 
RG/213  coax.  The  height  of  suspension  appeared  to  be  8.9  cm.  50  ribs  were 
periodically  placed  along  the  line.  It  is  not  clear  from  the  documentation 
what  was  done  or  the  effect  of  the  ribs. 

4.2  Cable  Clamps 

Models  of  cable  clamps  were  obtained  by  Tesche  and  Liu  in  [32].  For 
typical  cable  clamp  dimensions  and  frequencies  below  1  GHz,  the  model  of 
a  cable  clamp  can  be  simplified  to  a  Tee  structure  shown  in  Fig.  4-3.  In 


[32],  the  following  dimensions  are  considered: 

=  1.4  cm 

b  =  2.15  cm 

h  =  3  cm 

r  =  1.5  cm 
w 

t  =  1.4  cm 

e  =  2.25 
r 

and  the  elements  of  the  model  become 
L  =  1.7  nH 
C  =  4.8  pF 

To  investigate  the  effect  of  the  cable  clamp  on  the  low-frequency  line 
behavior  (electrically  short  line)  we  assume  the  clamp  is  placed  at  the  center 
of  a  line  of  length  and  model  the  line  with  a  Tee  circuit  as  shown  in  Fig. 
4-4  [3].  Here  S,  and  c  are  the  per-unit-length  inductance  and  capacitance  of 
the  unperturbed  line.  For  the  above  dimensions 


=  277.3  nH/m 
2ttg 

_ o 

C  £n(2h/rw) 

=  40.07  pF/m 

The  inductance  parameter  of  the  clamp,  L,  can  be  neglected  if  it  is  much  less 
than  -j  j’.  These  terms  are  equal  for  line  lengths  of  SC  =  4L/£  =  .025  m  =  1 
inch.  Consequently  for  these  typical  clamp  and  line  dimensions,  the  clamp 
can  be  modeled  as  simply  a  capacitance  C  as  was  the  case  for  a  structural  rib. 
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As  in  Fig.  4-2,  the  effect  of  the  clamp  then  can  be  neglected  when  C  =  ce&2 
or 

*  <  2^ 

c 

=  .24  m 
=  10  inches 

Here  the  cable  clamp  capacitance  to  ground  has  more  of  an  effect  than  the 
structural  rib.  This  is  to  be  expected  since  the  clamp  surrounds  the  wire 
and  reduces  fringing  of  the  fields  more  than  the  rib. 

Nevertheless,  it  appears  from  the  above  calculations  that  the  cable 
clamps  have  negligible  effect  on  the  behavior  of  an  electrically  short  line. 
The  effect  on  high-frequency  line  behavior  will  be  addressed  in  a  later  sec¬ 
tion  . 

The  author  performed  an  experiment  to  assess  the  effect  of  cable  clamps. 

A  25-wire  cable  bundle  of  total  length  4  meters  was  constructed.  The  bundle 
consisted  of  25  #22  gauge  stranded  wires  (pvc  insulation)  laced  together  in  a 
typical  cable  harness  configuration.  The  cable  was  suspended  above  an  alumi¬ 
num  ground  plane.  The  load  configuration  was  as  shown  in  Fig.  4-5.  Wire  #25 

was  driven  at  the  left  end  by  a  sinusoidal  source.  The  right  end  of  wire  #25 

as  well  as  both  ends  of  wire  #14  were  terminated  in  a  resistance  R.  Two 
values  of  R  were  used:  R  =  50  fi  and  R  =  lk  Q.  The  other  23  wires  were  ter¬ 
minated  in  arbitrarily  chosen  resistances  as  shown  in  Fig.  4-5.  The  ratio  of 

the  output  voltage  across  the  load  at  the  left  end  of  wire  #14,  V  ,  to  the 

voltage  applied  to  the  left  end  of  wire  #25,  V  ,  was  measured  for  frequencies 
from  1  kHz  to  400  MHz.  The  line  is  one  wavelength  at  75  MHz. 

Next,  standard  aircraft  cable  clamps  were  placed  around  the  bundle  and 
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Fig.  4-5.  The  terminal  configuration  for  the  experiment 


screwed  to  the  ground  plane.  These  clamps  were  purchased  at  a  local,  commer¬ 
cial  airport  and  consisted  of  a  rubber  insert  and  surrounding  metal  flange. 

The  inner  hole  diameter  was  approximately  3/4  cm.  These  clamps  placed  the 
bundle  at  a  height  of  1  cm  above  the  ground  plane.  (This  was  the  height  of 
the  bundle  when  the  clamps  are  removed.)  The  clamps  were  spaced  so  that  their 

separation  would  be  one-quarter  wavelength  at  300  MHz  and  one-half  wavelength 

13" 

at  450  MHz.  Thus  the  clamp  separation  was  1/4  m  or  9  -pz  .  This  resulted  in 

lo 

15  clamps  being  placed  along  the  line. 

The  results  for  R  =  50  0  are  shown  in  Fig.  4-6,  and  the  results  for 
R  =  1  k  iQ  are  shown  in  Fig.  4-7.  Note  that  for  frequencies  where  the  line  is 
electrically  short  (below,  say,  10  MHz)  the  15  cable  clamps  have  no  effect  at 
all.  Note  also  that  for  higher  frequencies,  where  the  cable  is  electrically 
long,  the  clamps  affect  the  response  only  at  selected  frequency  points;  the 
overall  response  pattern  is  independent  of  the  presence  of  the  clamps.  This 
high-frequency  behavior  will  be  investigated  in  a  later  section. 

4. 3  Hydraulic  Lines 

No  published  work  on  modeling  the  effects  of  hydraulic  lines  on  cable 
behavior  could  be  found.  Since  hydraulic  lines  could  be  modeled  as  "fat 
wires"  shorted  to  ground  at  each  end,  it  is  conceivable  that  they  could  have 
a  dramatic  effect  on  cable  coupling  _i£  they  are  routed  parallel  to  the  cable 
bundle.  The  author  has  observed  numerous  instances  in  which  wires  with  short 
circuit  loads  can  have  a  substantial  effect  on  coupling  in  a  cable  bundle. 

This  has  been  seen  in  shielded-wire  crosstalk  [11]  and  in  ribbon  cables  in 
which  a  ground-signal-ground  arrangement  occurs.  However,  in  all  these  in¬ 
stances  the  effect  has  been  to  reduce  the  crosstalk  rather  than  enhance  it. 
Considering  the  complications  involved  with  estimating  positions  of  hydraulic 
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lines  relative  to  cables  from  electrical  specifications  as  well  as  the  addi¬ 
tional  input  data  structure  required  to  input  these,  it  is  not  recommended 
that  they  be  included  in  the  modeling  capability. 

4.4  Cable  Trays 

It  was  suggested  in  the  IEMCAP  user  questionnaire  responses  that  model¬ 
ing  of  cable  trays  be  considered.  If  the  cable  tray  is,  as  is  typical,  a 
rectangular  trough,  very  little  effect  would  be  expected  so  long  as  the 
bundle  is  not  too  near  the  side  walls  of  the  tray.  The  cable  tray  would  most 
likely  be  grounded  to  the  fuselage  so  that  its  lower  surface  would  serve  as  a 
ground  plane  which  the  IEMCAP  models  assume.  In  Fig.  4-8,  if  h>>s^  and  h'*>S2* 
one  would  expect  the  lumped  parameter  IEMCAP  models  to  be  applicable. 

At  higher  frequencies  where  the  cross-sectional  dimensions  of  the  tray 
are  becoming  electrically  significant,  the  tray  dimensions  would  be  impor*  int. 
Certainly  this  would  be  the  case  for  covered  trays  where  waveguide  modes 
would  be  excited.  However,  the  models  in  IEMCAP  only  provide  a  course  bound 
in  this  frequency  range.  Thus  it  will  be  of  no  use  to  try  to  simulate  these 
high  frequency  effects  of  cable  trays  with  model  additions  to  IEMCAP. 

4.5  Bulkhead  Penetrations 

Bulkheads  are  essentially  walls  separating  compartments  of  the  aircraft. 
Their  existence  may  be  due  to  structural  considerations,  separation  of  pres¬ 
surized/unpressurized  compartments,  etc.  In  any  event,  the  need  arises  to 
pass  cable  bundles  between  these  compartments. 

In  the  case  of  the  simplest  type  of  penetration  between  two  unpressur¬ 
ized  compartments,  the  penetration  may  be  via  a  simple  hole  in  the  bulkhead 
as  shown  in  Fig.  4-9  (a).  This  perturbation  can  be  represented  as  a  lumped 
capacitance  to  ground  in  the  same  fashion  as  a  structural  rib  as  shown  in  Fig. 
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4-9  (b).  A  simple  way  of  estimating  this  capacitance  is  to  take  into  account 
the  thickness  of  the  bulkhead,  t,  and  its  radius,  r  ,  and  model  the  penetra- 

3. 

tion  as  a  coaxial  cable  shown  in  Fig.  4-9  (c): 

2Tre  e 


C  = 
a 


o  r 


t 


(4-1) 


This  approach  was  used  in  [37]  and  agreed  moderately  well  with  experimental 
resultSo  Of  course  one,  perhaps  major,  problem  with  this  method  of  charac¬ 
terizing  the  bulkhead  penetration  is  that  it  neglects  fringing.  Equation 
(4-1)  was  derived  for  an  infinite,  coaxial  line  and  neglects  fringing.  How¬ 
ever  it  would  be  expected  to  be  an  upper  bound  on  the  true  result. 

For  an  aperture  of  1  inch,  a  #20  gauge  wire  (r  =  16  mils)  and  a  bulk¬ 
head  thickness  of  5  mils  corresponding  to  36  gauge  aluminum,  equation  (4-1) 
gives 

C  -  1.7  x  10-15  F 
a 

The  corresponding  capacitance  for  a  structural  rib  calculated  previously  was 
100  times  this  which  had  no  effect  on  the  low  frequency  predictions  unless 
the  line  length  was  less  than  1  inch.  Certainly  this  bulkhead  capacitance 
would  be  of  even  less  consequence.  Thus  it  appears  that  bulkhead  aperture 
penetrations  have  little  effect  on  low  frequency  crosstalk  when  the  line  is 
electrically  short.  The  high-frequency  effect  of  periodically  spaced  bulk¬ 
head  penetrations  will  be  investigated  in  a  later  section. 

However,  bulkhead  penetrations  can  have  a  substantial  effect  on  low 
frequency  crosstalk.  But  this  is  not  due  to  the  physical  penetration  but  the 
wire  installation  technique  in  the  connectors  at  a  pressure  bulkhead  discon¬ 


nect.  Quite  often  it  is  necessary  to  pass  wiring  between  two  compartments. 


at  least  one  of  which  is  pressurized.  In  this  case  it  is  common  to  install 
connectors  (Cannon  plugs)  in  the  bulkhead.  The  cable  attaches  to  these  Cannon 
plugs. 

The  problem  incurred  is  not  in  penetrating  the  bulkhead  but  in  how 
shielded  wires  are  installed  in  the  connectors.  It  is  quite  common  to  strip 
back  the  shields  and  connect  them  to  pins  in  the  connector  via  pigtail  wires 
as  shown  in  Fig.  4-10.  In  doing  so,  the  interior,  shielded  wire  is  exposed 
to  other  wires  in  the  bundle  over  this  pigtail  section  length.  These  pigtails 
were  shown  in  earlier  reports  [10,  11,  12]  to  have  a  substantial  effect  on 
crosstalk  and  must  be  modeled.  IEMCAP  currently  employs  models  of  pigtails 
which  occur  at  ports.  What  is  needed  is  a  method  for  incorporating  these 
bulkhead  pigtails  which  do  not  occur  at  ’'ports".  A  suggestion  for  implement¬ 
ing  this  will  be  given  in  a  later  section. 

4.6  Junction  Boxes 

In  conversations  with  engineers  in  the  aerospace  industry,  the  author 
has  obtained  the  impression  that  the  term  "junction  boxes"  (or  J-boxes)  is  a 
generic  term  for  points  at  which  wires  are  interconnected.  A  common  method 
of  doing  this  is  with  a  "terminal  strip"  which  consists  of  several  screw 
terminals.  These  terminal  strips  may  or  may  not  be  covered  with  a  metallic 
or  nonmetallic  box  and  hence  the  term  "junction  box". 

As  with  the  case  of  bulkhead  penetrations,  it  is  not  the  junction  box/ 
terminal  strip  itself  which  causes  problems  but  the  manner  in  which  shielded 
wires  are  terminated  which  causes  the  problem.  Quite  often  shielded  wires 
are  terminated  by  stripping  back  the  shields  and  connecting  them  to  a  separ¬ 
ate  screw  terminal  as  shown  in  Fig.  4-11.  Again  these  pigtails  can  have  a 


Shielded  Section 


serious  effect  on  crosstalk  and  should  be  modeled,.  A  method  for  doing  this 
in  IEMCAP  will  be  discussed  in  a  later  section. 


4.7  Effects  of  Periodic  Perturbations 

The  effects  of  periodic  perturbations  on  a  transmission  line  have  been 
investigated  indirectly  in  numerous  places.  The  general  category  of  problems 
is  concerned  with  wave  propagation  in  periodic  structures  [35].  A  great  deal 
is  known  about  general  wave  propagation  in  these  structures.  The  mathemati¬ 
cal  theorem  of  Floquet  shows  that  the  solution  of  the  transmission  line  equa¬ 
tions  for  single  frequency  excitation  on  an  x  directed,  periodic  structure  of 
period  T  can  be  represented  as  waves  of  the  following  form  [36] 


v(x)  -  etjl“  ^(x) 

(4-2a) 

IU)  -  e±3kx  ♦J(x) 

(4-2b) 

where  4>~ ( s)  and  <f>“(x)  are  periodic  in  x  with  period  T„  This  results  from 
the  fact  that  the  transmission  line  equations  for  a  two-conductor  line  are  of 
the  form,  for  single-frequency  excitation 


dV  (x) 
dx 


Z(x)  I (x) 


(4-3a) 


dl(x) 


dx 


=  -  Y (x)  V(x) 


(4-3b) 


The  periodic  line  discontinuities  cause  the  per-unit-length  impedance,  Z(x), 
and  admittance,  Y(x),  to  be  periodic  in  T.  The  extension  to  multiconductor 
lines  is  straightforward.  Thus  the  fields  are  plane  waves  which  are  "modula¬ 
ted"  by  the  periodicity  of  the  line.  Therefore  one  would  expect  to  investi¬ 
gate,  instead  of  a  phase  velocity,  the  group  velocity  of  the  line. 


Lam  in  [33]  has  investigated  such  a  structure.  His  approach  is  to  model 
the  line  and  discontinuities  as  a  cascade  of  two  ports  as  shown  in  Fig.  4-12. 
Each  two-port  is  modeled  via  its  chain  parameter  matrix,  4>.  For  the  uniform 


section  of  line  of  length  »£,  the  chain  parameter  matrix  relates  the  voltage 


and  current  at  the  right 

end  to  those  at  the  left  end: 

-  - 

-  - 

-  — 1 

V(x2) 

*11  *12 

V(xx) 

I(x2) 

*21  *22 

I(xx) 

(4-4) 


For  a  lossless  line  in  a  homogeneous  medium  these  entries  can  be  easily  de¬ 
termined  [3]: 


ii>H  =  cos  (SdO 


(4-5) 

<t>12  =  3  Rc  sin(B£) 

»2i  "  j  it  sin<6C 


where  6  =  w/v  and  v  is  the  phase  velocity  of  this  uniform  section  and  Rc  is 
the  characteristic  resistance.  The  perturbation  can  be  generally  modeled  as 
a  lumped  parameter  network  so  long  as  its  dimensions  are  electrically  small. 

The  overall  chain  parameter  matrix  of  the  line  is  the  product  of  these 
individual  chain  parameter  matrices: 


*  =  *l  tP  *l  *P  - 


(4-6) 


Once  the  overall  chain  parameter  matrix  of  the  line,  (J>,  is  determined,  the 
terminal  relations  can  be  substituted  to  determine  the  terminal  voltages  and 


currents  of  the  line  [3] 


Lam  considers  an  infinite  line  [33],  Since  each  section  consisting  of  a 
uniform  line  and  a  perturbation  is  exactly  one  period  in  length,  waves  which 
propagate  down  this  line  must  be  such  that  they  differ  at  the  end  points  by 
at  most  a  phase  factor.  Thus 


Solution  of  this  gives  an  equation  for  the  wave  number  k  once  the  structure 
of  <|>  is  determined.  One  then  looks  for  frequencies  (bands)  for  which  k  is 
real  (propagation  or  pass  bands)  and  for  which  k  is  imaginary  (attenuation 
or  stop  bands).  Lam  showed,  for  an  infinite,  two-conductor  line,  that  for 
increasing  frequency  of  excitation,  the  stop  bands  widen  and  the  pass  bands 
narrow.  This  expected  result  shows  that  less  of  the  energy  in  the 
higher  frequencies  is  transmitted  down  the  line. 

The  difficulty  in  using  Lam’s  result  in  a  practical  situation  is  that  he 
considered  an  infinite  line.  His  results  cannot  be  used  for  a  finite  length 
line.  Tesche  and  Liu,  however,  have  investigated  the  effects  of  periodic 
perturbations  on  the  terminal  voltage  of  a  two-conductor  line  in  [34].  They 
essentially  formed  the  overall  chain  parameter  matrix  for  the  finite  line  as 
in  (4-4),  incorporated  the  terminal  conditions  and  solved  for  the  frequency 
response  of  the  line.  They  also  looked  at  the  time-domain  response  via  the 
fast  fourier  transform  of  the  corresponding  frequency  response.  Several 
examples  of  a  two-conductor  line  with  R  =  120  0  with  various  numbers  of 
cable  clamps  periodically  spaced  on  the  line  were  investigated.  The  input 
to  the  line  was  a  unit  impulse  whose  frequency  spectrum  was  constant  for  all 
frequencies.  The  frequency  response  for  various  numbers  of  cable  clamps 


matched  the  infinite  line  results  of  Lam  as  the  number  of  cable  clamps  in- 


creased.  However  for  the  line  considered,  the  total  line  length  was  „4  meters 
which  was  one  wavelength  at  750  MHz.  The  lowest  edge  of  the  first  stop  band 
occurred  around  200  MHz  and  matched  Lam's  infinite  line  result  (211  MHz).  At 
this  frequency  the  unperturbed  line  was  approximately  1/4  wavelength  long. 

Thus  the  cable  clamps  did  not  significantly  affect  the  frequency  response  un¬ 
til  the  unperturbed  line  became  electrically  long.  An  8  meter  line  (R  =  120 
i 2)  was  also  considered.  Again,  the  cable  clamps  did  not  affect  the  frequency 
response  until  the  line  length  approached  a  significant  portion  of  a  wave¬ 
length  (37.5  MHz). 

Thus  the  results  of  Tesche  and  Lin  for  periodically  spaced  cable  clamps 
did  not  seem  to  show  any  effects  of  those  cable  clamps  until  the  line  became 
electrically  long.  The  presently  employed  wire-to-wire  and  f ield-to-wire 
models  in  IEMCAP  as  well  as  those  suggested  in  this  report  are  only  valid 
for  frequencies  such  that  the  line  is  electrically  short.  Thus  incorporating 
models  for  cable  clamps  into  those  models  would  not  be  wise  since,  even 
though  the  cable  clamps  may  affect  the  line  response,  the  coupling  models 
would  not  show  this  correctly  since  they  are  invalid  in  this  frequency  range. 

Tesche  and  Lin  also  investigated  the  effects  of  ribs  in  [34] „  These 
were  modeled  as  described  previously  by  a  lumped  capacitance.  Their  results 
showed  similar  results  as  with  cable  clamps. 

Thus  periodic  line  discontinuities  such  as  cable  clamps,  ribs,  etc.  do 
not  affect  the  low  frequency  line  behavior  significantly.  Even  though  they 
markedly  affect  the  frequency  response  when  the  line  is  electrically  long, 
the  present  and  proposed  models  in  IEMCAP  are  not  valid  for  this  range. 
Therefore,  incorporating  models  of  these  perturbations  would  not  add  signifi- 
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cantly  to  the  predictive  capabilities  of  IEMCAP. 

4.8  Inclusion  of  Bulkhead/ J-Box  Pigtails  in  the  WTWTFR  and  FTWTFR  Subroutines 


in  IEMCAP 

As  pointed  out  in  previous  sections,  it  appears  that  the  only  additional 
modeling  effort  that  needs  to  be  included  in  the  wire-to-wire  and  field-to- 
wire  coupling  subroutines  lies  in  the  need  to  model  pigtails  on  shielded 
wires  which  occur  at  (1)  pressure  bulkhead  disconnects  and  (2)  junction  boxes. 

IEMCAP  presently  places  a  pigtail  on  a  shielded  wire  at  a  bundle  point 
which  is  at  a  port  to  which  the  wire  is  attached.  The  length  of  that  pigtail 
is  specified  in  the  wire  table  for  the  wire  type  used.  An  obvious  first 
try  to  put  pigtails  at  other  bundle  points  where  a  disconnect/J-box  and  not 
a  port  is  located  is  to  define  a  "dummy  port"  there.  This  suffers  from  many 
problems.  The  total  number  of  ports  allowed  in  the  system  is  limited  to  400; 
placing  ports  at  all  disconnect/J-box  points  can  take  up  a  substantial  por¬ 
tion  of  this  number.  Furthermore,  integrated  and  point  margins  will  be  cal¬ 
culated  for  these  "ports"  and  this  increases  run  time  and  output. 

A  simpler  alternative  seems  to  be  to  define  a  bundle  point  at  this 
disconnect/J-box  location  and  assign  a  variable  to  this  bundle  point  indi¬ 
cating  that  it  is  not  a  port  but  that  pigtails  must  be  placed  on  all  shielded 
wires  passing  through  that  bundle  point.  Functionally  this  can  be  handled  by 
passing  this  variable  (associated  with  each  bundle  point  index)  to  the 
WTWTFR  and  FTWTFR  subroutines  to  cause  IEENDS  and  IRENDS  to  be  set  properly 
to  cause  pigtail  coupling  to  be  calculated  at  these  bundle  points.  So  as  far 
as  calculating  pigtail  coupling  is  concerned,  if  IRENDS  and  IEENDS  are  set  as 
though  a  "port"  is  located  at  these  bundle  points,  then  pigtail  coupling  will 
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be  calculated,  but  no  other  effect  outside  these  subroutines  (calculating 
margins  for  this  "port",  etc.)  will  be  felt. 

One  suggestion  would  be  to  add  as  input  data  a  card,  the  J-box  card, 
to  the  bundle  map  input  data: 

BUNDLE  =  ID 

BPTS  =  PT1,  XI,  Yl,  Zl,  PT2,  X2,  Y2,  Z2,  - 

JBOX  =  PTi,  PTj ,  - 

BSEG  =  - 

l 

i 

i 

WIRE  =  - 

I 

l 

WIRE  =  - 

The  J-box  card  indicates  at  which  bundle  points  in  this  bundle,  a  disconnect/ 
J-box  is  to  be  placed;  in  other  words,  pigtails  are  to  be  placed.  Pass  this 
information  only  to  the  WTWTFR  and  FTWTFR  subroutines  to  set  IEENDS  and  IRENDS 
for  each  bundle  segment  and  we  will  have  accomplished  our  objective  of  model¬ 
ing  these  perturbations  in  their  major  effect  -  pigtail  coupling. 

There  are  some  restrictions  in  this  simple  method: 

1)  Shield  connections  cannot  be  broken  at  these 
points;  that  is,  shield  continuity  is  impli¬ 
cit  and  a  shield  cannot  be,  for  example, 
grounded. 

2)  Lengths  of  all  pigtails  at  these  points  are 


specified  in  the  wire  table  for  the  shielded 
wire  and  cannot  be  changed. 


3)  All  shielded  wires  in  the  bundle  passing  through 
this  point  will  have  pigtails  placed  at  the 
bundle  point. 

These  restrictions  are  probably  quite  reasonable  but  are  necessary  to  pre¬ 
vent  a  major  rewrite  of  the  entire  IEMCAP  code.  The  revision  can  simply  be 
handled  by  passing  the  JBOX  card  indices  to  the  WTWTFR  and  FTWTFR  subroutines 
to  set  the  two  variables  IEENDS  and  IRENDS  for  this  bundle  segment.  They  are 
needed  nowhere  else  in  IEMCAP. 


Vo  Summary  and  Conclusions 


This  report  has  been  primarily  concerned  with  the  wire-to-wire  and  field 
to-wire  coupling  models  in  IEMCAP.  Those  models  along  with  the  antenna-to- 
antenna  and  box-to-box  coupling  models  form  the  heart  of  this  prediction  pro¬ 
gram.  Without  adequate  coupling  prediction  models,  one  cannot  expect  to 
obtain  useful  design  and  analysis  information  from  the  program. 

On  the  other  hand,  modem  avionics  systems  are  extraordinarily  cu,  plex 
both  in  function  and  in  structural  characteristics.  One  cannot  expect  accur¬ 
ate  predictions  particularly  for  the  extreme  frequency  range  encompassed  by 
IEMCAP  (30  Hz  to  18  GHz).  One  can  only  expect  to  obtain  estimates  and/or 
bounds  on  the  coupling.  To  obtain  very  accurate  predictions  would  require 
not  only  an  extremely  sophisticated  (and  complex)  modeling  effort  but  would 
also  require  the  user  to  gather  and  input  an  enormous  amount  of  data  (much 
of  which  would  not  be  obtainable) , 

in  this  report  we  have  attempted  to  suggest  revisions  of  the  wire-to- 
wire  and  f ield-to-wire  coupling  models  which  (1)  are  theoretically  sound 
(with  known  limitations),  (2)  require  realistic  input  data  and  (3)  provide 
reasonable  estimates  of  the  coupling  in  the  low  frequency  range  and  bounds 
in  the  high  frequency  range. 

We  have  taken  the  view  that  it  makes  little  sense  to  piecemeal  "tack  on" 
various  correction  factors  to  the  models  to  adjust  for  various  second-order 
effects  or  to  postulate  equations  that  may  "work  sometimes"  or  satisfy  ones 
intuition.  It  is  better  to  start  with  a  theoretically  sound  model  of  the 
ideal  case  and  simplify  that  model  to  various  desired  stages.  Then  we  will 
have  some  basis  for  determining  its  limits  as  well  as  deciding  what  the  ap- 


propriate  input  data  are. 

Appendices  A,  B,  C  detail  the  suggested  revisions  of  the  WTWTFR  and 
FTWTFR  subroutines  to  place  those  models  on  a  sound,  theoretical  basis.  The 
revisions  are  also  intended  to  modularize  those  subroutines  so  that  future 
revisions  and/or  maintenance  of  those  subroutines  can  be  easily  accomplished. 
Presently  it  is  extraordinarily  difficult  to  modify  the  models  of  those  sub¬ 
routines  much  less  track  the  effects  of  those  modifications. 

The  last  objective  of  this  report  was  the  investigation  of  the  need  for 
including  models  of  system  perturbations.  In  appreciating  these  recommenda¬ 
tions  it  is  necessary  to  keep  in  mind  the  objective  and  intended  use  of  the 
IEHCAP  code.  The  primary  objectives  are  to  maintain  a  system  baseline  file 
so  that  the  effects  of  any  proposed  modifications  to  the  system  or  changes 
in  its  environment  or  mission  can  be  assessed  and  to  cull  from  the  enormous 
number  of  all  possible  interactions  those  that  merit  further,  detailed  inves¬ 
tigation.  The  IEMCAP  code  is  not  intended  to  provide  a  "fine-grained"  analy¬ 
sis  capability.  Numerous  other  codes  are  available  for  this  purpose.  If 
the  IEMCAP  code  narrows  down  the  enormous  number  of  possible  problem  areas  to 
a  manageable  set  for  further,  detailed  analysis  it  will  have  been  of  consider¬ 
able  value. 

In  this  regard,  the  only  system  perturbations  which  we  found  to  merit 
inclusion  into  the  IEMCAP  models  was  that  of  pigtails  on  shielded  wires  which, 
in  addition  to  occurring  at  port  terminations,  occur  at  bulkhead  disconnects 
and  junction  boxes.  The  code  already  handles  pigtails  at  port  terminations 
in  the  wire-to-wire  subroutine  and,  with  the  incorporation  of  the  revision 
suggested  in  Appendix  C,  will  handle  pigtails  at  port  terminations  in  the 
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f ield-to-wire  subroutine.  The  incorporation  of  pigtail  effects  at  bulkhead/ 
disconnect  junction  boxes  can  be  taken  care  of  without  any  additional  model¬ 
ing  effort  as  suggested  in  Chapter  4.  Only  a  simple  addition  to  the  input 
wire  bundle  data  which  is  passed  to  the  WTWTFR  and  FTWTFR  subroutines  will 
take  care  of  pigtails  at  any  bundle  segment  point.  Thus  the  models  are  al¬ 
ready  included;  only  an  input  data  change  (with  associated  variable  passing) 
needs  to  be  incorporated  to  use  the  present  models  to  accomplish  this  task. 

The  incorporation  of  the  suggested  revisions  in  this  report  should  bring 
the  prediction  capability  of  the  IEMCAP  code  up  to  the  highest  level  that 
can  be  reasonably  expected  of  it.  The  antenna-to-antenna  coupling  models  are 
and  have  been  adequate  and  consistent  with  the  level  of  sophistication  of  the 
code.  The  wire-to-wire  models  suggested  here  (along  with  the  bulkhead  dis¬ 
connect/  J-box  modification)  should  bring  those  models  in  line  with  the  an¬ 
tenna-to-antenna  models.  The  f ield-to-wire  models  have  been  deficient  in  a 
number  of  areas  detailed  in  Chapter  3.  The  suggested  revisions  should  bring 
that  predictive  capability  up  to  that  expected  of  the  code. 

Care  must  still  be  exercised  by  the  user  in  selecting  and  specifying 
the  input  data  and  in  adapting  the  code  models  to  situations  which  they  were 
not  specifically  designed  to  address.  No  set  of  models,  no  matter  how  so¬ 
phisticated  or  complex,  will  be  able  to  remedy  this  problem.  However  the 
simplicity  of  the  suggested  models  should  enhance  the  ability  of  the  user  to 
correctly  adapt  these  ideal  models  to  a  nonideal  situation  and  to  adequately 
assess  the  resulting  IEMCAP  output.  In  this  important  sense,  simplicity  of 
the  modeling  is  a  very  important  asset. 
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This  appendix  sets  forth  the  detailed  models  for  use  in  a  revision  of 
the  wire-to-wire  coupling  subroutine  (WTWTFR)  in  IEMCAP.  The  basic  philo¬ 
sophy  of  the  models  was  discussed  in  Chapter  II.  The  basic  flowchart  is  pre 
sented  in  Fig.  2-13.  The  circuit  types  are  illustrated  in  Fig.  2-14  and  Fig 
2-15. 

A.l  Emitter  Models 

Two  variables  will  be  computed  for  the  emitter  circuit.  These  are  the 
effective  emitter  current,  I  ,  for  inductive  coupling  and  the  effective  emit 

£j 

ter  voltage,  V„,  for  capacitive  coupling. 

£ j 

For  a  single  emitter  wire,  a  shield  affects  I_,  only  if  it  is  double-end 

r* 

grounded  and  affects  V„  only  if  it  is  grounded  at  least  at  one  end.  For 

fcj 

single  wire  emitters  1^  is  a  common  mode  current  (returning  through  the 
ground)  and  V£  is  a  common  mode  voltage  between  the  wire  and  ground.  If  a 
shield  is  grounded  at  least  at  one  end,  V_  is  taken  to  be  zero. 

For  twisted  pair  emitters  no  common  mode  current  or  voltage  is  computed 
I  is  a  differential  mode  current  proceeding  down  one  wire  and  returning  in 
the  other  wire.  The  presence  of  a  shield,  regardless  of  its  grounding  con¬ 
figuration  is  assumed  to  have  no  effect  on  this  differential  mode  current 
(which  is  contained  within  the  shield).  If  a  shield  is  grounded  at  least  at 

one  end,  is  taken  to  be  zero. 

E 

The  exact  configurations  are  illustrated  in  Fig.  2-14  and  should  be  re¬ 
ferred  to  for  definitions  of  the  following  terms.  In  the  course  of  the  fol¬ 
lowing  development  we  will  need  the  following  two  "shielding  factors": 


So  '  Zs  +  jo,Ls 
o  o 

Here  S.(S  )  is  the  shielding  factor  for  the  inner  (outer)  shield,  Zc  (Z  )  is 

i  o 

the  per-unit-length  impedance  of  the  inner  (outer)  shield  and  Lg  (Lg  )  is  the 

i  o 

per-unit-length  self-inductance  of  the  inner  (outer)  shield  above  the  ground 
plane : 


where  H  is  the  bundle  height  above  ground,  rg  (rg  )  is  the  inner  radius  of 

1  o 

the  inner  (outer)  shield  and  t  (t  )  is  the  thickness  of  the  inner  (outer) 

b  .  b 

x  o 

shield.  These  terms  were  discussed  in  Chapter  II  and  come  into  play  only 
by  multiplying  I_  when  the  appropriate  shield  is  double-end  grounded 
and  the  emitter  is  a  single  wire. 

The  following  is  a  sequence  of  results  for  the  emitter  models  suitable 

for  recoding  of  WTWTFR.  The  necessary  variables  are  passed  to  WTWTFR  either 

through  the  argument  list  of  the  subroutine  call  statement  or  via  common 

blocks.  A  description  of  those  variables  sufficient  for  modifying  WTWTFR  to 

incorporate  the  following  modular  models  is  given  in  [19]. 

The  models  (I„  and  V  )  are  listed  in  Table  A-l.  The  code  used  in  that 
E  E 

table  is: 


Emitter  Wire  Type  -  S  =  single  wire 

B  *  balanced  twisted  pair 
U  *  unbalanced  twisted  pair 
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Emitter  Shield  Type  - 


U  =  Unshielded 


S  =  Single  Shielded 
D  =  Double  Shielded 

Emitter  Shield  Ground-  U  »  Ungrounded 
ing  (inner  or  outer  S  =  Single-end  Grounded 

shield)  -  D  =  Double-end  Grounded 

A02  Receptor  Models 

The  coupling  from  an  emitter  circuit  to  a  receptor  circuit  is  assumed 

to  be  characterized  by  the  "low-frequency"  model  described  in  Chapter  II. 

The  essential  parameters  characterizing  this  coupling  are  the  per-unit-length 

mutual  inductance,  £  ,  and  capacitance,  c  .  Computation  of  these  mutual 

m  m 

elements  is  described  in  the  next  section. 

The  receptor  circuit  configurations  are  described  in  Fig.  2-15.  The 
received  voltages  are  separated  into  inductive  coupling  components: 


,IND  SR  „  v  , 

/  »  — - —  to  £m  I 


S  ZSR  +  ZLR 


£  E 


rIND  _  LR  .  V  , 

L  ZSR  +  ZLR  m  £  E 


and  capacitive  coupling  components: 


CAP  =  CAP 
S  L 


ZSRZLR 
ZSR  +  ZLR 


111  c  ^  V. 
m  c  E 


The  total  voltages  are 
VS 


_ 

VIND 

+ 

VCAP 

S 

S 
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Table  A-l  (continued) 


_ 

IND 

+ 

CAP 

L 

L 

where  | • |  denotes  the  magnitude  of  the  enclosed  complex  number. 

The  models  differ  only  in  £  ,  c  ,  ^  ,  and  ^ .  The  quantities  st  andaC 

ra  m  X/  c  36  c 

are  the  effective  line  lengths  for  inductive  and  capacitive  coupling,  respec¬ 
tively.  In  addition,  «€  denotes  the  segment  length  and  PG(PR)  denotes  the 
pitch  of  a  generator  emitter  (receptor)  twisted  pair  in  meters/twist. 

(Note:  The  segment  length  is  determined  as  a  portion  of  the  bundle  segment 
length  via  the  pigtail  calculation  detailed  in  section  A. 4.) 

Once  the  above  received  voltages  are  computed  they  should  be  compared 
to  unity  received  voltage  (voltage  transfer  ratio).  If  any  are  larger  than 
unity,  set  those  received  voltages  to  unity. 

Table  A-2  lists  these  parameters.  The  receptor  models  depend  on  the 
emitter  circuit  type.  The  following  code  is  used  in  Table  A-2: 

Wire  Type  -  S  =  Single  Wire 

(emitter  or  receptor)  B  =  Balanced,  Twisted  Pair 

U  =  Unbalanced,  Twisted  Pair 
U  =  Unshielded 
S  =  Single  Shielded 
D  =  Double  Shielded 
U  =  Ungrounded 
S  =  Single-end  Grounded 


Shield  Type  - 
(receptor) 


Shield  Grounding  - 
(receptor) 


(inner  or  outer  shield)  D  =  Double-end  Grounded 
Common  Lengths  -  =  min  ,  PG/2) 

(j 

Mj^  =  min  (pC ,  PR/2) 

M  =  min  «,  PG/2,  PR/2) 
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Receptor 


Emitter 


Shield 

Type 


Shield  Groundin 


Inner  Outer 


Table  A-2  (continued) 


Table  A-2  (continued) 


t-;' 


K 


Receptor 


mitter 

£ 

m 

W  M  0 

SwBA  \  ° 

Saba  m  0 

W  M  0 

W  ”r  0 

Saba  m  0 

‘usba  M  0 

lSWBA  «R  0 

Saba  m  0 

W  M  0 

Swba  S  0 

SaBA  M  0 

W  M  0 

«R  0 


Swun  S 

,  M 
BAUN 

^UNUN  M 

”r 

M 


Table  A- 2  (continued) 


Table  A- 2  (continued) 


Once  again  the  shielding  factors  and  Sq  for  double  shields  and  S  for  a 
single  shield  defined  in  the  previous  section  apply  to  these  receptor  shields. 
A-3  Pigtail  Calculations 

For  a  bundle  segment'  containing  shielded  wires  the  basic  philosophy  is 
to  superimpose  the  coupling  over  like  portions  of  the  segment  as  shown  in  Fig. 
A-l.  This  was  shown  to  yield  acceptable  prediction  for  electrically  short 
segments  in  [10,  11]  „ 

The  bundle  segment  is  divided  into  four  subsegment  lengths  over  which 
the  emitter  and  receptor  wire  types  do  not  change:  o?pESR*  o^ESR» 

4eur  uhere 

UE  =  unshielded  (pigtail)  section  emitter 
UR  =  unshielded  (pigtail)  section  receptor 
SE  =  shielded  section  emitter 
SR  =  shielded  section  receptor 
^  =  bundle  segment  length 

D 

The  models  of  the  previous  two  sections  are  called  for  each  of  these 
four  cases.  The  four  results  are  added  to  give  the  total  contribution  over 
this  bundle  segment „  In  dividing  the  bundle  segment  into  these  four  sub¬ 
sections  what  is  important  is  not  the  sequence  of  occurrence  of  these  sub- 
segments  but  the  lengths  of  these  subsegments.  These  subsegment  lengths 
replace  °C  in  the  models  of  the  previous  two  sections. 

In  computing  these  subsegment  lengths  we  use  four  parameters  which  are 
passed  to  WTWTFR  for  each  bundle  segment  calculation: 

PICE  =  Pigtail  length  for  emitter  shield 


UE  4  Unshielded  (Pigtail)  Section  Emitter 
UR  ^  Unshielded  (Pigtail)  Section  Receptor 
SE  ^  Shielded  Section  Emitter 
SR  4  Shielded  Section  Receptor 


£  Bundle  Segment  Length 


Fig.  A-l«  Determining  uniform  section  lengths  in  computing  pigtail  coupling 


IEENDS  =  number  of  terminations  of  emitter  shield  for  this 


bundle  segment  (0,  1,  2) 

PIGR  =  pigtail  length  for  receptor  shield 

IRENDS  =  number  of  terminations  of  receptor  shield  for  this 
bundle  segment  (0,  1,  2) 

A  total  of  four  cases  exist  for  a  bundle  segment.  These  are  detailed  in  Fig. 
A-2,  A-3,  A-4,  A-5.  The  appropriate  subsection  lengths  are  shown  in  these 


figures. 

A. 4  Common  Impedance  Coupling 

Common  Impedance  Coupling  is  computed  only  in  the  case  that  both  the 
emitter  and  receptor  have  the  possibility  of  common  mode  currents  through  the 
ground  plane.  Thus  ONLY  IF  the  emitter  is  single  wire  and  the  receptor  is 
single  wire  do  we  add  the  following  to  the  above: 


VCI  =  - — -  2  I 

S  ZSR+ZLR  CI  E 


vCI  - - L-R-  ■  ■  Z  I 

L  ZSR+ZLR  CI  E 


If  the  receptor  is  shielded  and  double  end  grounded,  multiple  these  factors  by 

the  shielding  factors  of  the  receptor  (S,  S  ,  S  ,  or  S.S  ).  Z  is  the  sys- 

1  O  X  o  ox 

tem  impedance  between  the  ends  of  the  circuits  and  is  the  per-unit-length 
value  (input)  multiplied  by  the  bundle  segment  length, «»£. 


Emitter  Unshielded 
Receptor  Unshielded 


Emitter  and  Receptor  Shielded 


<£  ueur  =  0 
&  UES  R  =  G 

^seur  =  PIGR  *  IRENDS 
£SESR  =  £  -  PIGR  *  IRENDS 


Figc  A-5. 


Emitter  and  Receptor  Shielded 


E 

R 

R 

R 
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Case  (B)  IEENDS  =  2 


PIGE  > 

PIGR 

n — 

u _ 

a _ 

) 

-q _ 

) 

o 

j— 

-o 

y- 

I 

I 

i 

IRENDS 


PIGE  <  PIGR 


<£UEUR  =  PIGR  *  IRENDS 

uesr  =  "PIGR  *  IRENDS 
-<£e  +  PIGE  *  IRENDS 

o^seur  "  0 

<£SESR  =  <£b  -PIGE  *  IEENDS 


«£  UEUR  =  PIGE  *  IRENDS 

uesr  =  PIGE  *  (IEENDS- 

IRENDS) 

y  .  PIGR*  IRENDS 
-PIGE  *  IRENDS 

£>  sesr  =  -PIGE*  IEENDS 

-<£b  +  PIGR  *  IRENDS 
+  PIGE  *  IRENDS 


Fig.  A-5.  (continued) 
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Emitter  and  Receptor  Shielded 


Case  (c  )  IEENDS  =  I 
-  i 

PIGE  >  PIGR  1  PIGE  <  PIGR 

-  I  - 


^  UESR  =  PIGE  I  &  UE  SR  =  PIGE 

SEUR  =  0  ^  SEUR  =  0 

^  UEUR  =  B  “  PI-GE  ^  SESR  =  ^  B  "  PIGE 


(it)  TRENDS  =  I 

^•ueur  =  PIGR  |  ^ueur=PIGE 

<*uesr  =  PIGE-  PIGR  ,  *UESR  =  0 

*seur  =  0  I  *SEUR  =  PIGR- PIGE 

SESR  =  ^  B  ~  PIGE  ^SESR  =  I^B-  PIGR 

(iii )  IRENDS  =  2 

ueur  =  PIGR  |  *UEUR  =  PIGE 

<uesr  =  PIGE  -  PIGR  |  *UESR  =  0 

dC seur  =  PIGR  1  <£seur=  2  *  PIGR  -  PIGE 

*sesr  =  *b-PIGE-PIGR  1  <XSESR  =  X„-2*PIGR 


Fig.  A-5.  (continued) 


MUTUAL  INDUCTANCE  AND 
CAPACITANCE  CALCULATIONS 
FOR  THE  WIRE-TO-WIRE 


COUPLING  SUBROUTINE  (WTWTFR) 


Two  of  the  key  parameters  in  the  crosstalk  between  an  emitter  and  a 
receptor  circuit  are  the  mutual  inductance  and  mutual  capacitance  between 
those  circuitSo  There  are  four  combinations  -  single  wire  to  single  wire, 
single  wire  to  twisted  pair,  twisted  pair  to  single  wire,  and  twisted  pair 
to  twisted  pair.  The  cross-sectional  configurations  (above  a  ground  plane) 
are  shown  in  Fig.  B-l.  In  those  figures,  H  denotes  the  bundle  height  above 
ground,  and  D  denotes  the  wire  separation  (computed  in  IEMCAP  as  the  maximum 
of  the  minimum  wire  separation  and  one-quarter  of  the  bundle  diameter). 
Symbols  G  and  R  denote,  as  usual,  emitter  and  receptor,  respectively.  In 
addition,  for  a  twisted  pair,  U  and  L  denote  the  upper  and  lower  wires  of  the 
pair,  respectively.  Also  AG  and  AR  denote  one-half  the  separation  between 
the  two  wires  of  a  twisted  pair  in  a  generator  or  receptor  pair. 

The  technique  is  to  compute  the  per-unit-length  inductance  matrix  and 
from  its  inverse  the  per-unit-length  capacitance  matrix  [3],  From  these  two 
matrices,  the  appropriate  mutual  elements  are  extracted. 

B-l  Single  Wire  Emitter  to  Single  Wire  Receptor 

The  cross-sectional  configuration  is  shown  in  Fig.  B-l  (a).  From  this 
we  may  form  the  per-unit-length  inductance  matrix  as 


where  [3] 


L  = 

*GG 

^GR 

** 

£gr 

£rr 

*GG 

=  2  x 

1 

O 

i— 1 

=  2  x 

1 

O 
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(b)  Single  wire  emitter  -  twisted  poir  receptor. 


(c)  Twisted  pair  emitter  -  single  wire  receptor. 


Fig.  B-lo  The  cross-sectional  configurations. 


where  r  and  r  are  the  appropriate  wire  radii.  The  per-unit-length  capaci 
G  K 


tance  matrix,  C,  and  L  are  related  as  (ignoring  the  wire  insulation)  [3] 


*£  2  I2 

v 


where  1 is  the  2x2  identity  matrix.  Thus 


C  = 


GG 

-C 


-C 


GR 


GR  RR 


-_L  L"1 
2  . 

v 


.8 


and  v  =  3  x  10  ,  tne  velocity  of  light  in  free  space.  From  this  we  obtain 


£swsw  £gr 


CSWSW  CGR 


GR 


9  x  10 


16 


[£gg£rr  ”  £gr  ] 


B-2  Single  Wire  Emitter  to  Twisted  Pair  Receptor 

The  cross-sectional  configuration  is  shown  in  Fig.  B-l  (b).  From  that 


L  = 


GG 

1  GRU 

^GRL 

GRU 

^RURU 

^RURL 

GRL 

^RURL 

^RLRL 

where  [3] 


*GG  =  2  X  10’7  £n  I  r 


2H 


Note  that  reciprocity  implies  equality  of  mutual  inductances,  i.e.,  I  = 


t 


Similarly 


*RURU  *  2  X  10'7  *" 


lRLRL  '  2  x  10’7  *° 


Vu  '  10 


*CRL-  10 


2 (H+AR) 
r„ 


/  2 (H-AR) 

\  rR 

•7  £n  n  +  4H^l 

L  (D  +ARZ)J 

•7  ,n  r  + 

L  (D  +AR  )J 

)-7  in  fl  + 

I  4AR 


£rurl  10 


C  =  _L  L-1 

-  V2  - 


4 (H+AR) (H-AR) 


c 

-C 

-c 

GG 

GRU 

GRL 

-C 

c 

-c _ 

GRU 

RURU 

RURL 

-C _ 

-C 

C 

GRL 

RURL 

RLRL 

£SWBA  =  £gru  ~  £grl 
£swun  =  £swba 

CSWBA  =  CGRU  ”  CGRL 
CSWUN  =  CGRU 

B-3  Twisted  Pair  Emitter  to  Single  Wire  Receptor 

The  cross-sectional  configuration  is  shown  in  Fig.  B-l  (c).  From  this 
we  obtain 
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where  [3] 


Similarly 


Thus 


*GUGU  =  2  x  10  *n 


-?  ( .2  (H+AG)  \ 


Q  =? 

GLGL 


G  / 

xio'7  ^iSStiSij 


V  -  2  K  10-7  t„  (ftt 


i„TI^  =  10 
GUGL 


*GUR  =  10 


7  in  £ 
7  in  £ 


4 (H+AG) (H-AG) 
i  +  2 

4AG 


4 (H+AG) H 


2  2 
(D  +AG 


0 


£glr  -  10 


•7  r  + 

L  (DZ+AGZ)J 


v 


CGUGU 

"CGUGL 

.“CGUR 


•c 

-C 

GUGL 

GUR 

-C 

GLGL 

GLR 

■c 

c 

GLR 

RR 

^BASW  =  *GUR  "  ^GLR 
£UNSW  =  ^BASW 
CBASW  =  CGUR  _  CGLR 
CUNSW  =  °GUR 


B-4  Twisted  Pair  Emitter  to  Twisted  Pair  Receptor 


The  cross-sectional  configuration  is  shown  in  Fig.  B-l  (d).  From  this 


we  obtain 


where  [3] 


L  = 


“GUGU  GUGL  GURU  GURL 


GUGL  GLGL  GLRU  GLRL 
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Similarly, 
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'CGURL 
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APPENDIX  C 


DETAILED  MODELS 
FOR  THE  FIELD-TO-WIRE 
COUPLING  SUBROUTINE 
(FIWTFR) 


6 


This  appendix  provides  the  detailed  models  for  use  in  a  revision  of  the 


f ield-to-wire  coupling  subroutine.  The  basic  philosophy  of  the  models  was 
discussed  in  Chapter  III.  The  circuit  types  are  shown  in  Fig.  3-11  and  con¬ 
sist  of  a  single  wire  with  ground  return,  an  unbalanced,  twisted  pair  above 
ground  or  a  balanced,  twisted  pair  above  ground.  Each  of  these  configura¬ 
tions  may  be  surrounded  by  a  single  or  double  shield  and  each  shield  may  be 
ungrounded,  single-end  grounded  or  double-end  grounded.  The  shields  modify 
the  unshielded  pickup  in  the  foli owing  fashion.  An  ungrounded  shield  is 
assumed  to  have  no  effect.  If  a  shield  is  grounded  at  least  at  one  end, 
the  induced  current  source  representing  electric  field  or  "capacitive" 
coupling  in  the  unshielded  model  is  eliminated.  The  induced  voltage  source 
representing  magnetic  field  or  "inductive"  coupling  is  modified  for  a  double 
end  grounded  shield  and  a  single  wire  by  multiplying  that  contribution  for 
the  unshielded  case  by  the  shielding  factor 


S  = 


JSH 


ZSH  +  J“lS 


where  Z  is  the  shield  self  impedance  and  L  is  the  self  inductance  of 

bn  b 

the  shield  above  ground. 


Ls  = 


2  x  10 


-7 


an 


and  h  is  the  bundle  height,  r  is  the  shield  inner  radius  and  t  is  the 

s  s 

shield  thickness.  For  double  shields  the  shielding  factors  of  the  appro¬ 
priate  shields  must  be  used,  S.  and  S  ,  and  the  overall  shielding  factor  is 

1  o 


S  =  S.S 
1  o 

For  unbalanced  or  balanced  twisted  pairs,  the  shield  (regardless  of  its 
grounding  configuration)  has  no  effect  as  discussed  in  Chapter  III. 


The  induced  source  end  and  load  end  currents  are  separated  into  induc¬ 
tive  (magnetic  field)  and  capacitive  (electric  field)  components: 

IND  E1  £  IND 

S  =  ZS+ZL  V 

IND  =  E1  £  IND 

L  =  ZS+ZL  V 

CAP  =  ZL  e£  £  CAP 

iS  Z_+Z  R  v 

3  Li  Li 

CAP  =  ZS  £  CAP 

lh  Z0+ZT  R  V  A 

S  L  C 

8  i 

where  w=2irf,  v=3xl0  ,  A  is  the  appropriate  loop  area  and  E  is  the  magnitude  of 

the  incident  electric  field  in  the  vicinity  of  the  bundle.  The  appropriate  in¬ 
ductive  and  capacitive  components  are  added  to  yield  the  total  induced  cur¬ 
rents.  In  all  cases,  the  only  change  among  the  models  is  in  the  areas,  AIND, 
CAP 

A  .  In  all  cases,  the  characteristic  resistance,  R  ,  is  given  by 

v 


The  areas  depend  on  whether  inductive  or  capacitive  coupling  is  being  con¬ 
sidered.  The  areas  are 


a!ND  .  aCAP 
=  h* 


Unbalanced  Twisted  Pair: 

IND  =  dp. 
A  2 


Balanced  Twisted  Pair: 


where 


(h-d/2)  RCl1 
(h+d/2)  Rc2J 


h  =  bundle  height 

iC  =  bundle  segment  length  (or  aperture  length) 
p  =  twisted  pair  pitch 
d  *  twisted  pair  wire  separation 


In  all  cases  where  a  segment  is  exposed  to  an  aperture,  one  must  use  the 
smaller  of  the  above  length  and  the  length  of  the  aperture. 

When  the  segment  is  shielded,  we  multiply  the  above 
inductive  coupling  components  by  the  appropriate  shielding  factor(s)  if 
the  shield(s)  is  double-end  grounded.  Otherwise,  the  shield  has  no  effect  on 
the  unshielded  inductive  coupling.  The  capacitive  coupling  terms  are  set 
equal  to  zero  if  the  shield(s)  is  grounded  at  least  at  one  end.  Otherwise, 
for  an  ungrounded  shield,  the  capacitive  coupling  contributions  are  unchanged. 

Pigtails  are  treated  in  the  same  way  as  for  wire-to-wire  coupling.  The 
unshielded  models  are  used  to  give  the  contributions  via  coupling  over  the 
unshielded  pigtails.  The  lengths  of  the  pigtails  are  determined  by 

iC  =  2  *  IRENDS  *  PIGR 
P 

where  IRENDS  =0,  1,  2  depending  on  whether  this  wire  has  port  terminations 


at  none,  one  or  both  ends  of  this  bundle  segment.  PIGR  is  the  pigtail  length 


(user  input)  for  this  shield.  Of  course  one  must  use  the  smaller  of  and 
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the  aperture  length  if  this  segment  is  exposed  to  an  aperture. 

Each  total  induced  current  contribution  (over  the  pigtails  and  over  the 
shielded  section)  is  compared  to  a  bound  and  the  minimum  selected.  For  a 
single  wire  and  an  unbalanced  twisted  pair. 


Table  C-l  categorizes  the  models.  The  areas  for  each  model  consist  of 
the  product  of  a  wire  separation,  SEP,  and  a  wire  length,  LEN,  as 
A  =  SEP  •  LEN 


Table  C-l  details  these.  In  addition  there  is  a  factor 


BAL  =  jj.  - 


(h-d/2)  Cl 


(h+d/2)  R. 


CAP 

in  the  A  term.  Also  the  various  shielding  factors  are 


S  = 


zsh+*,l 


s 
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o- 

I  1 

o 

s.s 

A 


for  a  single,  double-end  grounded  shield  and  and  S^  for  double  shields 
which  are  double-end  grounded. 

The  following  code  is  used  in  Table  C-l: 

Wire  Type  -  S  =  single  wire 

B  =  balanced,  twisted  pair 
U  =  unbalanced,  twisted  pair 
Shield  Type  -  U  =  unshielded 

S  =  single  shielded 
D  =  double  shielded 
Shield  Grounding  -  U  =  ungrounded 

S  =  single-end  grounded 
D  =  double-end  grounded 


y 

•  \ 

■ 


*  •  ■ _ "4 


-  -  -1 


y  :i 

_  • 


Table  C-l 


Wire 

Shield 

Shield  Grounding 

IND 

Type 

Type 

Inner 

Outer 

SEP 

LEN 

S 

U 

h 

S 

S 

U 

h 

£ 

S 

S 

s 

h 

£ 

S 

s 

D 

h»S 

£ 

S 

D 

U 

U 

h 

X  1 

S 

D 

U 

S 

h 

o t 

S 

D 

u 

D 

h*S 

o 

X, 

S 

D 

s 

U 

h 
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s 

D 

s 

S 

h 

X 

s 

D 

s 

D 

h*S 

o 

£ 

s 

D 

D 

U 

h»S . 

X 

£ 

s 

D 

D 

S 

h‘Si 

£ 

s 

D 

D 

D 

h*S  *S 
i  o 

£ 

B 

U 

d 

P/2 

B 

S 

U 

d 

P/2 

B 

S 

S 

d 

P/2 

B 

S 

D 

d 

P/2 

B 

D 

U 

U 
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P/2 
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